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Abstract 

Milling of Carbon Fibre Reinforced Polymer (CFRP) is necessary for component accuracy prior 
to assembly of aircraft. Recently, ultrasonic assisted milling (UAM) which combines conventional 
machining (CM) with ultrasonic vibration on the cutting tool, has shown beneficial outcomes 
with respect to the machinability of some metals, however, limited UAM of CFRP has been 
reported. In this thesis, milling (CM and UAM) of a CFRP incorporating Bismaleimide 5250-4 
(BMI 5250-4) resin was carried out in a wide range of cutting parameters and environments (dry, 
conventional cutting fluid (CCF) and CO2 cryogenic). Machinability was examined in terms of 
tool wear, cutting forces and surface roughness. In terms of machinability with conventional 
cutting tools, machining in a CO2 had a positive effect on tool life, despite an increase in cutting 
forces, compared to CCF and dry. UAM was found to reduce cutting forces by up to 10 %, 
compared with CM, however, this did not yield any benefit in terms of tool wear and/or 
workpiece surface roughness. When dry machining employing an abrasive diamond tool, CFRP 
material adhesion was a feature. The application of UAM in this instance yielded, reduced 
workpiece adhesion on the cutting tool and improved workpiece surface roughness. 

Machining of CFRP must be performed below the glass transition temperature (Tg) of the resin 
to avoid the degradation of the properties of the matrix resin. In this research new findings in the 
temperature initiated during machining and the consequential effects on the polymer utilised 
Fourier transform infrared spectroscopy (FTIR) and differential scanning calorimetry (DSC) 
which is well established in polymer characterization. FTIR and DSC was carried out to 
investigate the effect of machining on the chemical and material properties of BMI 5250-4 such 
as Tg and changes to matrix resin chemical bonding, which has been closely associated with 
degradation of the machined part. Further analysis of the machined surface by DSC indicated that 
the Tg of the matrix resin had been exceeded during the machining process and led to degradation 
of the BMI 5250-4 in some cases.  

An observed reduction of the maleimide double bond (C=C) at 825 cm-1 wavelength by FTIR 
signified that further post-curing of BMI 5240-4 had occurred which suggested that a higher 
cutting temperature was developed at the machine tool tip than recorded with the infrared camera. 
CM dry machining, FTIR analysis also confirmed the formation of isocyanate-derived products 
(C≡N) at 2250 cm-1 wavelength, a bond associated with the point at which BMI 5240-4 is 
thermally degraded having experienced temperatures in the range 400 to 600 °C. This result 
suggests that when CM dry machining the actual cutting temperature experienced by the 
BMI 5240-4 was at least 400 °C. The formation of isocyanate-derived products was not observed 
for UAM dry machining, suggesting that ultrasonic vibration of the cutting tool may reduce the 
cutting temperature in the primary shear zone, however this temperature reduction was 
insufficient to arrest observed post curing effects and shift in the Tg. Other aspects of the FTIR 
analysis revealed that despite the improvements to workpiece surface roughness when milling 
with CCF there was an increased presence of moisture (-OH bond) in the BMI 5240-4 resin which 
may have a detrimental effect on the durability of the material over time. 

Machining CFRP has been enhanced by the introduction of the chemical analysis. It suggests that 
DSC and FTIR exploration of the thermal history of the CFRP can provide more information 
about the temperature than typical thermal measurement during machining such as thermal 
cameras and thermocouples.  The management of the milling process of CFRP can now be related 
to the management of the temperature at the tool tip and the effect on polymer characteristics. 
As a consequence, milling of CFRP in CO2 exhibited improvement in tool wear, an observed 
reduction in cutting temperature, and sustenance of the chemical properties of BMI 5250-4. 
However, there was no significant benefit in additionally employing UAM in a CO2 environment. 

The research has provided a new insight in the milling of polymer composites and could be 
beneficial in avoiding thermal degradation of the machined part, maintaining the quality of 
machined part and avoiding scrap parts at the end of machining processes. 
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Chapter 1 Introduction  

1.1 Research background 

Applications of carbon fibre reinforced polymer (CFRP) composite have been 

significantly increasing in both aerospace and automotive industries. In fact, CFRP has 

substituted metallic alloys in many aerospace components due to its numerous attractive 

properties, such as lower weight, higher strength, and resistance against corrosion. For 

example, a reduced maintenance cost by up to 35 % could be obtained for Boeing 787 

when the main components of the aircraft, such as airframe and wing, are 50 % made of 

CFRP and other composite materials [1]. More recently, the Airbus A350 XWB, which is 

made of 50 % composite materials, reported a reduction by 50 % for structure 

maintenance tasks, especially when compared to A380 with a threshold for airframe 

checks at eight years, while 12 years for A350 XWB [2].  

Components that are made from CFRP are usually manufactured to closely resemble the 

net shape because CFRP materials can be moulded into any desired shape in accordance 

to the component. Nevertheless, further machining processes, such as milling, are still 

required for precision joining and finishing. Therefore, milling of CFRP must be 

performed appropriately to avoid rejection at the end of the manufacturing processes.  

However, milling of CFRP is difficult due to the nature of CFRP itself, which is non-

homogenous and anisotropic, hence challenging to machine. In addition, milling of CFRP 

is limited to below the glass transition temperature (Tg) of the matrix resin. The Tg of 

matrix resin refers to the temperature where the properties of matrix change from glassy 

solid to rubbery and softer state. Nonetheless, milling of CFRP above the Tg can lead to 

deterioration of both mechanical and chemical properties of the matrix resin [3-5]. In this 
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research, CFRP comprising a Bismaleimide 5250-4 (BMI 5250-4) matrix was employed 

as the workpiece material. 

Recently, hybrid machining, which reflects an ultrasonic vibration to the cutting tool in 

combination with conventional machining (CM) parameters, has been widely explored. 

Moreover, reports have claimed that the ultrasonic vibration of the cutting tool and 

workpiece during the ultrasonic assisted machining (UAM) improves machinability in 

terms of the quality of the machined part, longer tool life, and the lower cutting forces 

[6-12]. It is also claimed that the ultrasonic vibration between the cutting tool and the 

workpiece may lead to a reduction in cutting temperature due to the existence of an air 

gap between the cutting tool and the workpiece, which cools down the temperature [13]. 

Therefore, this leads to the research question if the ultrasonic vibration of the cutting tool 

during UAM could benefit the machinability of CFRP in terms of tool wear, cutting 

forces, and surface roughness, apart from reducing the cutting temperature when 

compared to CM?  

Notably, BMI resin within in-service components, typically, is not completely cured 

primarily because 100 % cured BMI can lead to degradation of CFRP mechanical 

properties such as tensile and compression strength of CFRP [14-16]. A number of 

researchers have discovered that the relationship between processing and environmental 

temperature could eventually result in further post-curing of BMI [14]. Thus, it is 

important to ensure that during the machining process, the temperature attained by the 

matrix in the CFRP should be lower than the Tg. Furthermore, a body of research 

suggests that machining of CFRP should be performed in a dry condition [17]. 

Nevertheless, as stated earlier, machining at a temperature higher than Tg can deteriorate 

the properties of the materials. Although the application of cutting fluid can reduce the 

cutting temperature, machining of CFRP with conventional cutting fluids (CCF) has not 
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always been recommended, as matrix resin may be susceptible to moisture absorption. 

Further post-processing to dry the materials after machining is required when machining 

of CFRP is performed with cutting fluid. However, there is limited knowledge on how 

the CCF affect the CFRP. More recently, some researchers have investigated machining 

with cryogenic cooling, i.e. Liquid Nitrogen (LN2) and Carbon Dioxide (CO2), which has 

been reported to offer a significant improvement in the machinability of CFRP and other 

materials, especially in terms of reducing cutting temperature, extending tool life, lowering 

cutting forces, and improving workpiece surface roughness [18]. Thus, another research 

question is raised pertaining to the effect of varying machining environment, such as dry, 

CCF, and CO2, upon the machinability (tool wear, cutting force, and surface integrity) of 

both UAM and CM and what is the effect of machining environment on the machined 

CFRP surface? 

With much attention given to the effect on mechanical properties, i.e. tensile and 

compressive strength on machining surface [19-23], only a limited of studies have looked 

into the effect of machining upon shifts in chemical properties within a material that may 

lead to deterioration of mechanical properties in CFRP. Thus, the effect of cutting 

temperature on the chemical properties such as changes in Tg and effect on chemical 

bonding of matrix resin of machined CFRP surface has yet to be established. Techniques 

such as differential scanning calorimetry (DSC) and Fourier transform infrared (FTIR) 

are well established polymer chemistry techniques. DSC has been extensively applied to 

determine thermal transitions, while FTIR has been routinely used to characterise 

polymer degradation. This leads to another potential research question; ‘is it possible to 

use these techniques on post-machined material samples so as to determine, with 

sufficient accuracy/certainty, levels of material degradation at varied machining 
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temperatures, which could ultimately assist in establishing safe machining process 

windows for temperature-sensitive CFRP materials?’ 

Therefore, this thesis determined the effects of machining operations and environments 

on the chemical properties of BMI 5250-4. Throughout this study, dry condition reflects 

machining without any conventional cutting fluid; CCF machining condition refers to 

machining with conventional cutting fluid, whereas cryogenic denotes machining with 

CO2 coolant. Moreover, the effect of the cutting environment on the machined surface 

had been investigated by employing both DSC and FTIR analyses to identify the early 

stages of thermal degradation in CFRP.  

1.2 Research aims and objectives 

The aim of this research is to develop fundamental knowledge pertaining to the effect of 

machining on shifts in chemical properties which are the glass transition temperature (Tg) 

and chemical bonding of BMI 5250-4 resin. This research also aims to develop the 

knowledge on the machinability of CFRP in terms of tool wear, cutting force, and surface 

integrity when milling conventionally (CM), along with the assistance of ultrasonic 

vibration (UAM) in various machining environments.  

The research objectives are outlined in the following: 

 To perform literature review on machining of CFRP conventionally and with 

ultrasonic assistance in varied machining conditions (dry, CCF, and CO2) and 

thermal analysis of CFRP.  

 To explore the thermal behaviour (the glass transition temperature, Tg) and the 

changes in chemical properties of BMI 5250-4 for the CFRP machined surface of 

CM and UAM under various machining environments (dry, CCF, and CO2) by 
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differential scanning calorimetry (DSC) and Fourier transform infrared (FTIR) 

spectroscopy. 

 To compare the performances of UAM with CM of CFRP and to explain the effect 

of different machining environments (dry, CCF, and CO2) in terms of tool wear, 

cutting forces, and workpiece surface roughness. 

 To investigate the effect of tool type on the performance of UAM in terms of tool 

wear, cutting forces, and workpiece surface roughness. 
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Chapter 2 Literature review 

This chapter reviews the aspects of carbon fibre reinforced polymer (CFRP) and discusses 

the machinability of CFRP in terms of conventional machining (CM) and ultrasonic 

assisted machining (UAM). In addition, as the processing of CFRP is limited by glass 

transition temperature (Tg) of the matrix resin, therefore, this chapter elaborates the 

method of thermal analysis that has often been employed to study polymeric materials. 

2.1 Carbon fibre reinforced polymer (CFRP) 

Over the past few years, composite materials have been increasingly selected to replace 

metallic materials in both aerospace and automotive industries. Composites are made 

from two or more elements, which are the reinforcement and the matrix resin, so as to 

gain a new property that possesses both the physical and the mechanical properties of the 

blend [24]. Several characteristics, such as high strength to weight ratio, low density, high 

stiffness, and low fatigue resistance, appear to be the benefits of composite over metal. 

Composites can be classified into three major groups, which are metal matrix composite 

(MMC), ceramic matrix composite (CMC), and polymer matrix composite (PMC). In this 

present study, CFRP, which is categorised under PMC, was selected as the main 

workpiece. The application of PMC is extensive in the present industries since it can be 

fabricated into broad and complex shapes, apart from being more economical when 

compared with MMC and CMC [4, 24, 25]. However, there are some limitations of PMC 

over MMC and CMC, such as the inability to withstand high temperature due to its 

reliance on the properties of the matrix resin and the reinforcement [4, 26]. In addition, 

the processing temperature of the PMC must be below the Tg of the matrix resin so as 

to avoid any damages or changes to the mechanical and physical properties of the 

composite structure.  
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Moreover, CFRP is an anisotropic material, where the mechanical properties of the CFRP 

are determined by the orientation of carbon fibre. Carbon fibre reinforced polymer 

(CFRP) is usually manufactured to closely resemble the net shape. The carbon fibre is 

layered with matrix resin and it is stacked at a desired orientation based on the required 

mechanical properties. Figure 2-1 illustrates the varied orientations of the CFRP that 

could be unidirectional, multidirectional or quasi-isotropic, which determine the 

mechanical properties of CFRP.   

 

Figure 2-1: Comparison between (a) unidirectional (b) multi-directional and (c) 
quasi-isotropic fibre orientation of CFRP.  

2.1.1 Carbon fibre reinforcement  

Carbon fibre serves as reinforcement to provide stiffness and strength to CFRP. 

Reinforcement is stiffer and stronger when compared to matrix materials. Besides, 

reinforcement provides mechanical properties to the composite and strengthens the 

matrix in the preferred direction [5]. Carbon fibre is heat-treated at a lower temperature 

that is less than 1650 °C and it consists of up to 95 percent of carbon content. The 

anisotropic properties of the CFRP indicate that the properties strongly depend on fibre 

orientation. For instance, the strength of carbon fibre in a longitudinal direction can be 

30 times higher (100000 MPa) than that of a transverse direction (35000 MPa) [27].  

Meanwhile, the tensile strength of CFRP ranges from 1500 to 3500 MPa, which is higher 
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when compared to steel (750 - 1500 MPa) and aluminium (450 - 600 MPa) [28]. Carbon 

fibre is often classified into three major groups, which are; high modulus (HM), 

intermediate modulus (IM), and high strength (HS). HM carbon fibre is made from 

petroleum pitch, while both IM and HS carbon fibres are made from polyacrylonitrile 

(PAN). Although the petroleum pitch-based carbon fibre can be processed at a lower 

cost, the PAN-based carbon fibre has higher tensile strength than the petroleum 

pitch-based carbon fibre [3]. Although the petroleum pitch precursors can produce high 

modulus fibres that ranges between 345 and 1000 GPa, they have lower strength in 

comparison to the carbon fibre provided by PAN [26]. Table 2-1 summarises several 

typical properties of carbon fibre. 

Table 2-1: Typical mechanical properties of carbon fibre for CFRP 
applications [4, 25, 26]. 

Properties 
Standard 
Modulus 

Intermediate 
Modulus 

High 
Strength 

Density (g/cm2) 
1.80 1.80 1.90 

Tensile strength (MPa) 3400-4800 4136-6200 4136-5500 

Tensile modulus  

(GPa) 
220-241 276-300 345-450 

Coefficient of thermal 

expansion  (10-6 °C) 
-0.4 -0.6 -0.75 

2.1.2 Polymeric matrix resin 

The primary function of matrix resin is to support the reinforcement, as well as to 

maintain the desired shape and orientation. Matrix resin also provides toughness, impact, 

and abrasive resistance, which serves as a barrier against adverse environments due to 

elevated temperature and humidity [3, 4]. Furthermore, matrix resin protects the surface 

of the fibre from composite mechanical degradation, such as compressive stress and 

interlaminar shear strength [4, 24, 25]. The processing temperature of the matrix resin is 

determined by the Tg of the matrix resin. Section 2.1.2.1 explains the Tg of matrix resin.  
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Polymeric matrix resin can be categorised into two major groups, which are: thermosets 

and thermoplastics. Thermoplastics contain high–viscosity resin that is processed by 

heating above its melting temperature [26]. Although it melts and flows during the 

processing, it does not form any crosslinking reaction. Nonetheless, as they have high 

molecular weight resin, the viscosity of thermoplastic during the processing is greater than 

that of a thermoset (104 to 107 poise of thermoplastics vs 10 thermosets) [4]. Compared 

to thermosets, the crosslinking reaction does not occur in thermoplastics, as shown in 

Figure 2-2. Hence, less processing time is needed due to absence of chemical reaction 

while curing. Thermoplastics can be reprocessed as they can be thermoformed into 

structural shapes by reheating to processing temperatures [4, 24, 25].  Thermoplastics 

offer advantages in forming and joining applications since they can be reprocessed by just 

heating until hitting their melting temperature. Some examples of thermoplastics 

commercially available in the industry are polyethylene (PET), polypropylene (PP), and 

polyetheretherketone (PEEK). Table 2-2 presents the typical mechanical properties of 

thermoplastics used as matrix for CFRP. 

 

Figure 2-2: Polymer structure of thermoplastic and thermoset before and after 
processing indicating that the crosslinking occurs in a thermoset [4]. 
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Table 2-2: Typical mechanical properties of thermoplastics used as the matrix for 
CFRP [25, 27]. 

Properties 

Polyethylene 

 

(PET) 

Polypropylene 

 

(PP) 

Polyetherether 

ketone 

(PEEK) 

 

Density (g/cm3) 
1.35 0.9 1.32 

Tensile modulus (GPa) 2.8-4.1 1.1-1.6 3.24 

Tensile strength (MPa) 48-72 31-41 10 

Glass transition temperature, Tg 

(°C) 
69 -10 143 

Service temperature (°C) 120 150 250 

In contrast to thermoplastics, thermoset resin is characterised by low molecular weight 

and monomer viscosity [3, 4, 25]. Curing thermoset resin involves crosslinking reaction 

that transforms the molecule into a three-dimensional crosslinked molecule that is 

infusible and insoluble. Besides, the chemical reaction is driven by heat generated, either 

from chemical reactions (exothermic heat of reaction) or from externally applied heat that 

generates the crosslinking effect in a thermoset [4, 24, 25, 29]. As the curing process of 

thermoset continues, the molecular weight and the viscosity of thermoset resin increase. 

As a result, the thermoset cannot be re-melted or re-processed upon turning into a 

rubbery solid [27]. Furthermore, additional crosslinking produces completely cured 

thermoset resin, especially when further heating is applied to the resin system. Processing 

thermoset resin requires a longer time due to its complicated process that incorporates 

both chemical- and thermal-driven reactions, when compared to thermoplastics [24]. 

During the curing process of thermoset, the effect of crosslinking transforms the 

thermoset into a rigid and intractable solid form. The thermoset molecules are randomly 

arranged and they are amorphous in both liquid and stable states [3, 4]. Some commonly 

used thermoset resins are epoxy, phenolic, Bismaleimide (BMI), and polymerised 

monomeric reactant-15 (PMR-15) [3]. Table 2-3 compares the properties of the 

commonly used thermosets used as matrix for CFRP.  
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Table 2-3: Typical mechanical properties of thermosets used as matrix for CFRP 
(Adapted from [25, 26]). 

Properties Epoxy Phenolic BMI PMR-15 

 Density  (g/cm3) 1.2-1.3 1.3 1.4 1.32 

Tensile modulus (GPa) 4.5 3.0 4-19 3.9 

Tensile strength (MPa) 130 70 70 38.6 

Glass transition 

temperature, Tg (°C) 
180 110-220 230-290 340 

Service temperature (°C) 90-200 120-200 250-300 315 

2.1.2.1     Glass transition temperature (Tg) 

The selection of matrix resin determines the maximum temperature use of CFRP as this 

is influenced by the glass transition temperature (Tg) of the matrix resin. The Tg refers 

to the temperature at which a material changes from a rigid glassy solid into a softer and 

semi-flexible material. Consequently, the use of CFRP is limited to temperatures that 

range below the Tg of the matrix materials, mainly because heat application that exceeds 

the Tg can significantly reduce the mechanical properties of polymeric composite [4, 30, 

31]. For example, a study reported that typically, the matrix material exhibits low surface 

hardness, low modulus, and high ductility at temperatures exceeding the Tg [25]. 

2.1.3 Bismaleimide (BMI) 5250-4 resin  

The main workpiece selected for this research was CFRP that comprised of BMI resin 

type 5250-4. Hence, the term ‘BMI 5250-4’ is used throughout this thesis hereafter. 

Sections 2.1.3.1 to 2.1.3.3 elaborate the properties, curing mechanism and degradation of 

BMI. 
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2.1.3.1 Properties and applications 

The selection of thermoset resin is based on both industrial preferences and applications. 

For instance, polyimides are suitable for high-temperature applications ranging between 

290 and 315 °C, while BMI can be used for medium range temperature (135 - 175 °C) 

applications, and epoxy resin is usually used for low and moderate temperatures (up to 

135 °C) [4]. As the properties of epoxy resin are combined of high strength and adhesion, 

low shrinkage, as well as easy to process; such resins are often chosen as matrix for high-

performance composite and adhesive. Nevertheless, when higher temperature application 

is required, BMI appears to be a potential matrix resin because it possesses similar 

characteristics and manufacturing process as epoxy resin. Table 2-4 compares the 

mechanical properties of the CFRP types 5250-4/IM7 BMI with medium-high toughened 

carbon fibre reinforced epoxies. 

Table 2-4: Comparison between 5250-4 BMI with leading epoxies, Medium 
and High toughness carbon fibre reinforced epoxies [32].  

Properties BMI 
5250-4 

Medium-High 
toughened epoxies 

Tensile strength  (MPa) 2827 2758-2827 

Tensile modulus  (GPa) 161 163-164 

Compression strength at 80 °C  (MPa) 1586 1310-1448 

Glass transition temperature, Tg  (°C) 280 180-210 

Furthermore, certain BMI resins match the performance exerted by PMR-15 polyamides 

resin due to its high processing temperature, which may as well exceed 290 °C. Besides, 

BMI resin is increasingly being accepted in the industry due to its excellent retention of 

physical properties at elevated temperature and wet conditions, apart from possessing 

almost stable electrical properties over a broad range of temperature and 

non-flammability properties [33-35]. Furthermore, BMI exhibits excellent mechanical 

properties over epoxy resins at temperature that ranges between 150 and 230 °C. With 
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such exceptional characteristics, BMI has been widely used as the main resin component 

in aerospace applications. Additionally, processing BMI resin is less intricate when 

compared to thermoplastic polyimide matrix, given that the BMI can be processed like 

an epoxy matrix. Nonetheless, BMI matrices demonstrate a more brittle mechanical 

response due to its high crosslinking nature within the cured network [36-38]. As such, 

extensive researches have addressed these drawbacks by introducing several versions of 

modified BMIs so as to improve their mechanical properties [15].  

2.1.3.2 Curing mechanism  

Carbon fibre reinforced polymer (CFRP) with BMI 5250-4 had been selected as the main 

workpiece material employed in this research and it consisted of three main components, 

which are: 4,4’- bismaleimidiphenylmethane (BMPM), 0,0’-diallyl bisphenol A (DABPA), 

and BMI-1,3, tolyl. Figure 2-3 illustrates the main chemical compositions of the BMI 

5250-4 network system.  

 

Figure 2-3: Chemical structure of 5250-4 BMI consist of three major component a) 4,4’-
bismaleimidiphenylmethane (BMPM), b) BMI-1, 3-tolyl and c) 0,0’-diallyl 
bisphenol A (DABPA) (Adapted from [14, 15] ). 
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Polymerisation and crosslinking of maleimide double bonds (C=C) take place in the BMI 

5250-4 resin curing mechanism [14, 15]. Several factors, such as maximum curing 

temperature, curing time, and post-curing cycle during the curing mechanism, determine 

both the mechanical and the chemical properties of the matrix resin, as well as its 

composite [14, 15, 33]. Furthermore, the chemical components of BMPM and 

BMI-1,3-tolyl appear to be similar from the three components of BMI employed in this 

study. Thus, the curing mechanism for two and three components of BMI is similar [14, 

33, 35]. The curing mechanism for two components of BMI (BMPM and DABPA) is 

discussed extensively in the literature [14, 15, 35, 39]. At lower curing temperature (100 - 

200 °C), the ‘ene’ reaction occurs between BMPM and DABPA monomers. The curing 

mechanism of BMI involves five-functional groups, which includes three carbon-carbon 

double bonds (C=C) and two hydroxyl groups (–OH). Hydroxyl dehydration can be 

attained via etherification of hydroxyl group, while crosslinking and chain extension can 

be completed by C=C that consists of ally, propenyl, and maleimide, as portrayed in 

Figure 2-4.  

The principal cure reaction of BMI that involves C=C occurs when the temperature 

ranges from 200 to 300 °C. Curing of BMI, however, is incomplete due to restriction of 

glassy-state diffusion at 250 °C curing and post-curing at 300 °C for an hour [14].  The 

crosslinking of C=C improves the mechanical properties of BMI and its composite [35, 

40]. On the contrary, dehydration of the hydroxyl group deteriorates the mechanical 

properties. The effect of hydroxyl bond dehydration is dominated, in comparison to 

crosslinking of C=C as the maximum curing temperature increases [34, 38, 41]. 
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Figure 2-4: The chemical structure of BMPM/DABPA ‘ene’ addict pre-polymer where 
a) allyl, b) propenyl and c) maleimide are capable of polymerisation 
(Adapted from [14]). 

However, CFRP is not 100 % cured after the standard composite fabrication or post-cure 

procedures [14, 33, 35]. This is because; the complete curing of BMI and its composite 

can deteriorate the mechanical properties of the composite [16, 42]. Consequently, further 

post-cure of BMI resin system can be accomplished by the service environment exposure, 

which leads to increment in Tg, hence deteriorating the mechanical properties in service 

over time [14, 33, 43].  

Furthermore, some studies have investigated the correlation between Tg of BMI and 

changes in chemical properties [43-47]. In order to do so, the Differential Scanning 

Calorimetry (DSC) and the Fourier Transform Infrared (FTIR) analyses were combined, 

especially to determine the curing reaction of BMI. Morgan et al. [14] explained that BMI 

curing can be evaluated thoroughly by using DSC and FTIR. Both techniques was 

employed to investigate the effects of curing time and temperature mechanism upon both 

chemical structure and Tg of the resin system. Figure 2-5 presents the changes in 
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absorbance of the chemical structure over curing temperature and curing time. The 

reduction of the peak at a wavelength of 825 cm-1 indicated that increment in curing 

temperature increases the consumption of C=C [14, 39]. Meanwhile, Li et al. [40] claimed 

that the intensities of C=C peak are inversely proportional to the degree of crosslinking.  

Thus, increment in curing temperature leads to an increase in Tg of BMI composite. 

Nonetheless, the increased Tg may deteriorate the mechanical properties of the 

composite [43]. 

 

Figure 2-5:  FTIR spectra of BMI as a function of sequential cure condition 1,2 (0.5 and 
1 hours at 130 °C), 3, 4, 5, 6 (150 °C, 175 °C, 200 °C, 225 °C at 3 hours, 
respectively) and  7, 8 ( 250 °C at 1 hour and 3 hours respectively). (Adapted 
from [14]) 

Notably, curing temperature [14, 43], curing time [33], post curing time [14], and 

additional blends [39, 48] can affect both chemical and mechanical properties of the 

composites. Several studies have looked into the effect of curing mechanism upon 

mechanical properties and performances of composites. As for the curing mechanism 

discussed by [14, 39], curing temperature used during the curing reaction of BMI resin 

displayed a significant effect on the mechanical properties of the carbon fibre reinforced 

plastic with BMI 5250-4 resin [43]. For example, Khattab et al. [43] discovered that the 

tensile strength (817 MPa) of CFRP was reduced by 7.6 % when cured with the maximum 

curing temperature (205 °C). The highest tensile strength of 884 MPa exhibited the lowest 
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maximum curing temperature at 183 °C. The composite resin was cured with various 

maximum curing temperatures (183, 194, and 205 °C) and constant post-cure at 227 °C 

for 2 hours by using a vacuum-assisted resin transfer moulding (VARTM). At higher 

curing temperatures, water molecule is diffused from the polymer and may lead to more 

defects. Thus, they concluded that increasing curing temperature could significantly 

reduce the mechanical properties of the composite.  

Research conducted by Tsotsis et al. [44] revealed that the matrix-dependent properties 

were enhanced during the post-cure stage, while matrix degradation from densification 

or increased chain scission in the thermosetting matrix polymers. Other studies showed 

that post-cure reactions enhanced the dominant fibre properties, such as tensile strength 

and tensile modulus [45, 46], apart from decreasing the matrix-dominated properties, such 

as toughness [39]. Thus, the curing cycle of BMI resin and its composite significantly 

affect the properties of the composite. Therefore, curing temperature has a significant 

effect upon the chemical properties of CFRP. The processing temperature of CFRP, 

consequently, affects the properties of the CFRP. Machining of the CFRP that has often 

been carried out at the end of the manufacturing process must be performed with some 

limitation to the Tg.  

2.1.3.3 Degradation of Bismaleimide (BMI) 

Extensive researches have investigated the effect of machining on the mechanical 

properties of the machined surface, however, only a handful of studies have determined 

the effect of machining on chemical properties. Although no consensus in literature has 

mentioned about the degradation product after machining for CFRP, it has been assumed 

that high machining temperature during machining could possibly lead to similar 

degradation with the typical BMI degradation. Similarly, although it has been mentioned 
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in literature that machining of CFRP must be done in dry condition due to the nature of 

the matrix resin that is susceptible towards absorption, no study has been carried out on 

the effect of cutting fluid (moisture) on chemical properties (changes in Tg and chemical 

bonding) of the machined surface after machining. Therefore, knowledge pertaining to 

the effects of thermal and moisture effect on BMI, which have already been established 

in polymer-related researches, could be beneficial in understanding the degradation 

product of BMI after machining. This section mainly discusses the degradation of BMI 

determined by chemical techniques to identify the functional shifts via FTIR and the 

changes of Tg via DSC. The working mechanisms of DSC and FTIR are elaborated in 

Sections 2.6.2 and 2.6.3, respectively.  

As mentioned earlier, the processing temperature of BMI is limited to Tg, where, a 

processing temperature higher than the Tg could lead to degradation of both chemical 

and physical properties of the matrix resin. Moreover, BMI resin is susceptible to 

moisture absorption when exposed to humid environment [35]. Chemical degradation, 

cracking, and debonding of CFRP may occur due to absorption of moisture by BMI. 

Hence, some aspects could lead to degradation of BMI resin, such as thermal degradation, 

hygrothermal, pyrolysis, hydrolysis, oxidation, and chemical degradation of BMI resin. In 

this research, CFRP 5250-4 was machined dry and with the presence of cutting fluid, 

therefore, this section depicts the degradation of BMI in terms of the effects of 

temperature and moisture absorption upon BMI product. Degradation of polymeric 

materials can be assessed from four main aspects, which are physical properties, 

mechanical properties, chemical properties, and percentage degradation. Table 2-5 shows 

several established techniques employed in determining polymer degradation.  
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Table 2-5: Different analytical techniques to analyse the polymer degradation [49] 

Properties Aspect Techniques 

Physical 

Crystallinity 
 

XRD (X-Ray Diffraction)  
DSC (Differential Scanning Calorimetry) 
TGA (Thermogravimetric Analysis) 

Morphology 
 

SEM (Scanning Electron Microscopy) 
TEM (Transmission Electron 
Microscopy) 

Mechanical   Tensile  
DMA (Dynamic Mechanical Analysis) 

Chemical 

Surface analysis ESCA (Electron Spectroscopy for 
Chemical Analysis ) 

Radical Chemiluminescence 

Functional 
changes 

 

FTIR (Fourier Transform Infrared 
Spectroscopy) 
UV Spectroscopy 
Photophosphoresence 
Chemiluminescence 

Molecular changes Viscosity 

Percentage 
degradation  

 Weight loss 
LSC (Liquid Scintillation counting) 
Biodegradation  

As mentioned earlier, the processing temperature of CFRP is limited to the Tg of matrix 

resin. Increased processing temperature may lead to degradation of matrix resin, which is 

also known as thermal-oxidative degradation. Also, some studies have determined the 

hygrothermal effect of BMI. Hygrothermal effect can be observed when the BMI is tested 

under certain temperature with the presence of water.  The presence of water/humidity 

can significantly change the hydroxyl group (-OH).  For example, Musto et al. [50] found 

that the –OH groups at 3500 cm-1 decreased to 3360 cm-1, indicating the formation of 

new species absorbing the lower side of the -OH range when epoxy-BMI was exposed to 

200 °C under continuous airflow. In hygrothermal degradation, absorption of moisture 

is higher when the BMI sample is exposed to higher temperature. For example, Li et al. 

[40] discovered that the diffusivity of water was higher at 100 °C when compared to 

70 °C. Result from FTIR analysis showed that hydrogen bonding took place between 

water and polymer matrix when the peak shifting occurred at 3000-3700 cm-1 suggesting 
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that the moisture absorption significantly changed the chemical property of BMI resin. 

In addition, Bao et al. [35] found that the intensity of peak near 1600 cm-1  noticeably 

increased, thus suggesting the occurrence of chemical reaction. The hydrolytic 

degradation is the most likely mechanism. Figure 2-6 illustrates the FTIR spectra of BMI 

after water absorption at 70 °C and 90 °C. It was observed that the peak at 3460 cm-1 

moved to 3375 cm-1 with increased intensity after prolonged water absorption at 90 °C. 

He also compared the Tg of BMI after the water absorption DSC analysis of CFRP BMI 

5250-4 indicated: (a) Tg for as-moulded sample was at 270 °C, and (b) disappearance of 

Tg at 90 °C signified significant depolymerisation and chemical degradation. The 

chemical degradation most likely involved hydrolysis of imide units, hence resulting in 

depolymerisation and chain scission. Therefore, the presence of moisture can significantly 

change the intensity and the wavelength of –OH formation.  

 

Figure 2-6: FTIR analysis of CFRP BMI 5250-4 specimen after water absorption at 
temperature of 90 °C and 70 °C indicates that the broad spectra of –OH 
was observed on 90 °C sample [35]  and  DSC analysis of CFRP BMI 5250-
4 indicates that (a) Tg for as-moulded sample was at 270 °C and  (b) the 
disappearance of the Tg for 90 °C sample indicates that significant 
depolymerisation and chemical degradation  

When exposed to high temperature (thermal degradation), Lv et al. [51] reported that the 

IR absorption peak at 3444 cm-1 assigned to –OH group and  the peak at 1507 cm-1 

assigned to phenyl C=C decreased after the BMI was exposed to 150 °C for 144 hours. 

However, the intensity of the peak at 1605 cm-1 assigned to CO displayed increment. 



Chapter 2: Literature Review  

21 

Hence, the mechanism when BMI is exposed to high temperature is in inverse direction 

with the mechanism when BMI is exposed to water. Figure 2-8 shows the comparison 

between thermal degradation and hygrothermal, which indicates the degradation of both 

products. Lv et al. [38] found that the –OH intensities increased when the sample was 

exposed to water under certain temperature, while the intensity of –OH decreased after 

exposing BMI to a constant temperature of 150 °C for 144 hours. Additionally, when 

BMI was exposed to high temperature, Regnier et al. [41] reported that the BMI thermally 

degraded at 400, 500, and 600 °C, whereby formation of isocyanate-based product was 

observed due to chain scission that occurred in the imide ring.  

 

Figure 2-7: Comparison between the effect of hygrothermal and thermal degradation 
of the BMI indicates that for hygrothermal process the –OH intensity 
increase whereas for thermal the –OH intensity decrease. 

Therefore, from the literature survey, it can be concluded that the effects of moisture 

absorption and temperature may be detrimental to the chemical reaction of BMI. Hence, 

this suggests an idea on how machining could affect BMI when varied cutting 

environment are applied on machining CFRP BMI 5250-4. 
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2.2 Principles of conventional machining (CM) 

2.2.1 Chip formation 

Chip formation in metal cutting can be explained by the orthogonal cutting model, as 

illustrated in Figure 2-8. Chip is formed in metal cutting mainly due to plastic deformation 

and shearing of material along the shear plane (AB), which occurs at primary deformation 

zone (i). At secondary deformation zone (ii), the formed chip moves along the rake face 

of the cutting tool, whilst the tertiary deformation zone (iii) refers to the area where the 

cutting tool is in contact with the newly machined surface. The shear angle (Ф) is the 

angle between  shear plane (AB) and the direction of movement of workpiece BC, from 

the tool edge to the position where the chip leaves the worksurface , whereas,  the rake 

angle (α) is the angle between the rake face of the cutting tool and the formed chip 

(normal to the machined surface) and the flank angle (γ) is the angle between the cutting 

tool flank face and the machined surface. 

 

Figure 2-8: Basic principle of metal cutting [52]  

 

Chip formation in metal cutting relies on the material being cut and the cutting conditions, 

i.e. cutting speed and feed rate. Generally, four types of chip can be observed in metal 

cutting, which are continuous chip, discontinuous chip, continuous chip with built-up 

edge, and serrated chip [52]. When machining a ductile material, such as aluminium, mild 



Chapter 2: Literature Review  

23 

steel and bronze with high cutting speed and/or at high rake angle, continuous chips are 

usually formed. Continuous chips are generated when the continuous plastic deformation 

of metallic material is produced without fracture in front of the cutting edge. Although 

continuous chip could have good surface finish, they are not desirable because the chip 

tend to tangle between the cutting tool and the workpieces. Therefore, the application of 

a chip breaker is proposed to break the chip into smaller segments and adjustment of 

cutting parameters is necessary when dealing with continuous chip [52, 53]. In contrast 

with continuous chip, discontinuous chip, which are formed in a small segment, are 

attached either firmly or loosely to each other. Such chip are produced by brittle 

workpiece materials such as cast iron because they do not have the capacity to undergo 

high shear strains encountered in machining [53]. Besides, the cutting parameters, such 

as very low/high cutting speed, large depth of cut, and low rake angle, may contribute to 

the formation of discontinuous chip [53]. 

A built-up edge (BUE) is formed when layers of material from the workpiece are gradually 

deposited on the tool tip. The formation of BUE affects the geometry of the cutting tool, 

aside from deteriorating surface roughness. Therefore, in order to avoid the formation of 

BUE, it is recommended to use cutting tool with lower chemical affinity for the workpiece 

materials and applications of cutting fluid. Lastly, serrated or segmented chip are 

produced when machining metal suggests low thermal conductivity and has strength that 

decreases with the increase in temperature, such as titanium and its alloy.  

The chip formation for metal are mainly due to plastic deformation at the primary shear 

zone, while chip formation in composite materials, especially CFRP, has less occurrence 

of plastic deformation. Although some similarities are present in machining composite 

and metal, CFRP chip formation occurs mostly due to brittle fracture of carbon fibre and 

matrix resin. The next subsection explains CFRP chip formation in detail.  
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2.2.1.1 CFRP chip formation  

The study of chip formation enables researchers to comprehend the mechanism of 

material removal. Thus, basic understanding of chip formation when machining CFRP is 

indeed necessary. The nature of composite materials, which is heterogeneous and 

abrasive, makes chip formation mechanism in composite both complex and intricate [4, 

5]. In contrast to metal cutting, where chip formation is mainly due to plastic deformation 

and shearing of materials, in CFRP machining, less plastic deformation occurs [3, 5]. Due 

to the inherently brittle nature of carbon fibre, chip formation in CFRP machining is 

primarily due to fracture, bending, and buckling; depending on the CFRP fibre orientation 

[54-56]. 

 

Figure 2-9: Cutting mechanisms in the orthogonal machining of CFRP with a sharp 
edge [55, 57, 58]. 
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Although the quasi-isotropic CFRP is more practical for application, understanding the 

mechanism of chip formation in a unidirectional composite is vital. Chip formation is 

initiated by crack propagation in the primary shear zone [56, 57, 59]. Chip formation when 

machining unidirectional CFRP can be divided into five different types depending on the 

fibre orientation and cutting edge rake angle summarised by Wang et al. [58] as in 

Figure 2-9. 

 Type I (Figure 2-9 (a)): Type I chip formation which is delamination occurs when 

machining 0 ° fibre orientation with positive rake angle. When the tool advances 

into the workpiece materials, a crack initiates and propagates along the fibre-

matrix interface. The peeled layer slides up the rake face as the tool advances into 

the workpieces and causing it to bend like a cantilever beam. 

 Type II (Figure 2-9 (b)): Type II chip formation occurs when machining 0 ° fibre 

orientation with negative rake angle. The chip formation occurred by buckling. 

The fibres are subjected to compressive loading along their direction, which cause 

them to fail by buckling. In-plane shearing and fracture at the fibre matrix 

interface caused by continuous advancement of cutting tools. The fibres fracture 

in a direction perpendicular to their length by successive buckling. 

 Type III and IV (Figure 2-9 (c-e)): When machining CFRP with fibre orientation 

greater than 0 and less than 90 °, fibre cutting type of chip formation occurs for 

all cutting edge rake angle. 

 Type V (Figure 2-9 (f)): Macro-fracture type of chip formation occurs when 

machining 105 to 150 ° fibre orientation. Severe deformation of the fibres that 

lead to delamination, intra-laminar shear along fibre- matrix interface and severe 

out-of-plane displacement occur when machining 105 to 150 ° fibre orientation. 

Extensive elastic bonding is caused by the cutting edge compression against the 
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fibres. The compressive stress ahead of the tool point causes the fibres and matrix 

to crack and a long but discontinuous chip is formed.  

2.2.2 Cutting temperature 

Understanding and monitoring cutting temperature in machining is crucial since the heat 

generated during machining can significantly affect both cutting tool and workpiece. As 

mentioned earlier in Section 2.1.2, the processing temperature of CFRP is limited to the 

Tg of matrix resin. Cutting temperatures that exceed the Tg of the matrix resin may result 

in thermal damages for CFRP and could significantly modify the chemical properties of 

matrix resin. Cutting temperatures higher than the Tg induced further post-curing, which 

then degrades both chemical and mechanical features of the matrix resin [14]. Thermal 

damage induced by the heat generated during machining can lead to several problems, 

such as matrix burn-out and thermally degraded resin, which deteriorate the quality of the 

machined surface. Also, a cutting temperature higher than the Tg of matrix resin can lead 

to rubbery texture and it is capable of significant extension without any brittle fracture. 

Moreover, the difference between thermal expansion and conductivity for fibre and resin 

can cause damage, such as cracks and delamination [60, 61]. Therefore, measuring the 

cutting temperature during CFRP machining is definitely essential.  

2.2.2.1 Heat in machining processes 

Properties of metallic materials, such as homogeneity and high conductivity, have made 

the study of temperature distribution during metal cutting relatively easy, especially when 

comparing with CFRP machining. Hence, investigations of heat generation in metal 

cutting are indeed well-established, in comparison to CFRP machining. In CFRP material, 
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nonetheless, the varying properties of fibre and reinforcement have made understanding 

temperature distribution a difficult task, hence less consensus in the body of literature.  

Therefore, to present an idea pertaining to heat distribution during machining, 

Figure 2-10 shows the main zone of heat distribution in the metal cutting theory. The 

heat generated can be divided into three main zones; primary, secondary, and tertiary, as 

shown in Figure 2-10.  

 The highest (80-85 %) heat is generated at the primary deformation zone due to 

the main shearing of the workpiece material that occurs in this zone 

(Figure 2-10 (a)). The chip and the new-machined surface produced by shearing 

of materials occur in the primary shear zone.  

 Second, the heat generated at the secondary deformation zone (Figure 2-10 (b)) 

is between 15 and 20 %.  

 Lastly, heat (1-3 %) generated in the tertiary deformation zone is produced by the 

rubbing action between the new-machined surface and the tool flank face, as 

shown in Figure 2-10(c). The amount of heat is strongly influenced by the tool 

flank condition in this zone.   

 

Figure 2-10: Heat generation in machining process indicates that (a) primary, (b) 
secondary and (c) tertiary deformation zone. 
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2.2.2.2 Cutting temperature measuring technique 

Measuring cutting temperature in CFRP machining is challenging due to the low thermal 

conductivity of matrix resin, non-homogenous, as well as the different thermal properties 

of carbon fibre reinforcement and matrix resin. As such, several techniques have been 

introduced to measure cutting temperature, such as thermocouple [62-65], infrared (IR) 

thermal camera [22, 64, 66, 67], and pyrometer, which are rather common in CFRP 

machining. 

The most common technique used to measure cutting temperature is the K-type 

thermocouple. The thermocouple working mechanism is based on the ‘Seebeck’ effect, 

where the difference of voltage between hot junction and cold junction in the 

thermocouple generates the thermoelectric force (thermal e.m.f). In this technique, the 

thermocouple is embedded inside the cutting tool or the workpiece material. In order to 

install the thermocouple inside the workpiece, a hole is made before conducting the 

machining. Another approach is to locate the thermocouple in the CFRP machining by 

implanting the thermocouple during the fabrication process of CFRP laminate [62, 68]. 

Nevertheless, this method is intricate due to the ability of the thermocouple to move 

about during the curing process. To date, there is no consensus in the optimum distance 

between the thermocouple and the cutting edge to identify the actual cutting temperature. 

For example, Yashiro et al. [62] suggested that the thermocouple should be implanted 

0.3 mm from the cutting edge, while Sorrentino et al. [63] located the thermocouple 1 to 

3 mm from the cutting edges to obtain the maximum temperature. However, due to the 

low thermal conductivity of CFRP, both researchers [62, 63] agreed that the 

thermocouple should be located as close as possible to the cutting edges in determining 

the actual cutting temperature. Additionally, to measure the cutting temperature using 

thermocouple, the thermocouple should be embedded inside the cutting tool through 
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coolant channel. However, when employing this method, the cutting tool is often 

stationary while the workpiece rotates. Since this method is not recommended for milling 

operation, some studies have suggested the K-type thermocouple to be located at the 

cutting edges while milling CFRP [65, 69-71].  

Other than thermocouple, several non-contact methods of measuring cutting 

temperatures, such as pyrometer [69, 72] and IR thermal camera, can also be applied when 

milling CFRP [22, 66, 67, 73]. The IR energy/heat produced by the radiating body is 

detected by the IR thermal camera, which is then converted into an electronic signal for 

temperature measurement. The effectiveness of IR thermal camera depends on the 

emissivity of a radiating body, where higher emissivity value of the body results in better 

temperature measurement. For instance, heat from the blackbody object has an emissivity 

value of 1.0, while heat from a shiny and reflective surface, such as brass, has an emissivity 

of 0.3, which is difficult for detection by IR thermal camera. As such, Haddad et al. [22, 

66] suggested fixing the IR thermal camera by using a tripod 100 cm from the workpiece 

to avoid the vibration generated during the machining, which enables the device to 

capture stable images. Meanwhile, Nor et al. [67] compared cutting temperatures when 

milling CFRP at room temperature and in chilled air (-10 °C) conditions. The temperature 

recorded for the room temperature was higher (90 to 130 °C) than the chilled air 

condition (50 - 107 °C). Although the cutting temperature measured was less than the Tg, 

thermal damage was found on the machined surface, suggesting that the actual cutting 

temperature was higher than the Tg. On top of that, Yashiro et al. [62] and 

Merino-Perez et al. [64] reported that cutting temperature measurements determined via 

thermocouple and IR thermal camera are comparable for CFRP milling and drilling, 

respectively.  Figure 2-11 (a) and (b) show the comparison between the tool temperatures 

measured by using thermocouple and IR thermal camera. 
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Figure 2-11: The difference in cutting temperature measured using the thermocouple 
and the IR thermal camera indicates that both work by (a) Yashiro et al. 
[62] when milling of CFRP  with uncoated tungsten carbide and (b)  
Merino-Perez et al.[64] when drilling CFRP with uncoated tungsten 
carbide that the cutting temperature measured by both method are 
comparable.  

Although many studies have measured the temperature during machining of CFRP, none 

has stated the actual machining temperature for CFRP. As mentioned earlier, the 

processing temperature when machining CFRP should be lower than the Tg. Hence, it is 

necessary to monitor the cutting temperature to avoid the temperature from exceeding 

the Tg, which could degrade CFRP properties. 

2.2.3 Cutting forces in milling 

Fracturing, buckling, and bending of carbon fibre by the cutting tool at the primary shear 

zone generate cutting forces. Typically, these cutting forces can be denoted as Fx (feed 

force), which acts in the direction of feed; Fy (normal forces), which acts at a normal 

direction to the feed; and Fz (thrust force), which acts in the direction of the cutting tool 

rotation. Figure 2-12 shows the cutting forces in milling, which indicates that the cutting 

forces are in x- and y-directions.  
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Figure 2-12: Cutting forces in milling [59]. 

In machining of CFRP, the effect of heat generated by the cutting tool and the CFRP 

workpieces can significantly affect the cutting forces. Researchers have reported that the 

cutting temperature generated can substantially affect the cutting force while CFRP 

machining [68, 71, 74]. In addition, Ghafarizadeh et al. [71] reported that the cutting 

forces when milling CFRP increases from 60 to 100 N as the cutting speed increases from 

200 to 300 m/min. However, when the cutting speed is increases to 375 m/min, it was 

observed that the cutting forces started to decrease from 100 to 80 N.  Thus, the reduction 

of cutting force at higher cutting speed can be attributed to the cutting temperature 

generated. It is claimed that the epoxy matrix materials are softened as the cutting speed 

is increased, thus resulting in reduced cutting forces [71]. A similar observation has been 

reported by Jia et al. [68] when milling CFRP with temperature that ranged between -25 

and 135 °C. The cutting forces increased as the temperature decreased from 135 

to -25 °C. Hence, it is proposed that the hardness of matrix resin increases when the 

temperature decreases, thus resulting in increment for the cutting forces. 

The assessment of cutting force during the milling of CFRP is critical because the 

progress of cutting force may affect the tool life, the heat generated during machining, 

and the quality of the machined surface. In addition, understanding the mechanism of 
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cutting forces in CFRP machining is vital, especially in determining the cutting tool life 

and causes of possible damage, such as delamination and surface roughness. 

2.3 Cutting environment 

2.3.1 Conventional cutting fluid 

The application of cutting fluid during machining is vital for many difficult-to-cut 

materials. This is because; the heat generated during the machining process can damage 

the tools, hence increasing surface roughness and force on the workpiece material. The 

application of cutting fluid is highly recommended to reduce any possible problems, such 

as rapid tool wear and poor surface condition. Also, some problems that occur frequently 

at the cutting zone during machining process are friction and heat generation, which may 

affect tool life, cutting forces, and surface finish [75, 76]. Therefore, the presence of 

cutting fluid during the machining process can increase tool life and dimensional accuracy, 

apart from decreasing cutting temperature, surface roughness, and power consumption 

[18, 77-79]. Additionally, in CFRP machining, the presence of cutting fluid aids the 

removal of hazardous carbon chip. However, it is not recommended to machine CFRP 

with the presence of cutting fluid [17]. Post-processing after machining CFRP with the 

presence of cutting fluid is required so as to ensure that the moisture is not absorbed into 

the matrix resin, which may deteriorate the mechanical properties and modify the 

chemical properties of the composite materials [35].  

2.3.2 Dry  

Although machining with cutting fluid has several advantages, such as reducing heat 

between cutting tool and workpiece, improving the quality of machined surface and tool 

life, as well as aiding chip removal during machining [52, 80]; dry condition is 



Chapter 2: Literature Review  

33 

recommended for CFRP [17]. However, if CFRP machining exceeds its Tg, thermal and 

subsurface damages may occur on the CFRP [67, 81]. Increment in cutting temperature 

can cause CFRP thermal softening and reduction in material strength. This strength 

reduction is beneficial for tool wear and cutting force reduction, but the quality of 

machined surface may be compromised due to high cutting temperature. Furthermore, 

the fibre pull-out, due to matrix cracking induced by high cutting temperature, produces 

poorly machined surface in dry machining [62, 81, 82]. Thus, it is important to closely 

monitor the cutting temperature during CFRP dry machining to avoid degradation of 

matrix resin, which deteriorates the mechanical properties of CFRP. Moreover, due to 

the abrasive nature of carbon fibre, the carbon chip/dust is hazardous to human health; 

thus demanding proper dust extraction during CFRP dry machining.  

2.3.3 Cryogenic cutting media 

Due to the potential sensitivity of matrix resin towards heat and moisture, machining in 

a cryogenic cutting environment may be beneficial. Machining CFRP in a cryogenic 

environment can be considered as similar to dry machining. Hence, post-processing after 

machining is unnecessary. In addition, cryogenic cooling may reduce the effect of thermal 

softening and enhance the efficiency of heat removal during machining [77, 78, 83].  

Liquid nitrogen (LN2) and carbon dioxide (CO2) are the most common media applied for 

cryogenic machining. Figure 2-13 shows the typical phase diagram relationship between 

pressure and temperature of both carbon dioxide and nitrogen. Nitrogen accounts for 

four-fifths (78.03 %) by volume of the atmosphere, which has a melting point at -210 °C 

and a boiling point at -196 °C. Meanwhile, LN2 offers better cooling medium (as low 

as -196 °C) when compared to CO2 as it improves the machinability of the machined 

product [79, 84].  
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Figure 2-13: Typical phase diagram of a) CO2 and b) LN2 (Adapted from [79]). 

In addition to the application of LN2 as a cryogen, several studies have explored the 

application of CO2 as a cryogen. Although the temperature achieved by CO2 fails to reach 

as low as the temperature in LN2, some potential outcomes, such as improved tool wear, 

cutting forces, and quality machined surface in machining with LN2, could be 

accomplished with CO2. CO2 is stored in a medium pressure tank (MPT) in liquid form. 

Referring to Figure 2-13, at pressure of 57 bar, the temperature for CO2 is 20 °C. In order 

for the liquid CO2 to transform into ice crystal, the pressure must drop to 1.013 bars to 

achieve as low as -78.5 °C. Although CO2 crystal ice could not achieve the low 

temperatures as LN2, the effect of cooling is definitely comparable. Besides, CO2 offers 

several advantages over LN2, such as clean work environment due to near-dry cutting 

condition, less thermal shock on cutting tool, and no secondary cleaning is required after 

machining [85]. 

2.3.3.1 Cryogenic cooling technique 

The effectiveness of cooling the cutting edges during machining operation can be 

achieved by modifying the tool to apply the cryogenic cooling where the coolant is 

supplied continuously and directly to the tool holder, hence, increasing the tool life and 

maintaining the workpieces ductility [18, 86]. It is suggested that the cryogenic cooling 
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reduces the heat accumulated at the cutting zone [18] and retained the hardness of the 

cutting tool [87].  

Several techniques have been employed when applying the cryogenic cooling during 

machining. Yildiz et al. [79] listed four common techniques in cryogenic cooling, which 

are cryogenic pre-cooling workpiece, indirect cryogenic cooling, cryogenic spraying and 

jet cooling, as well as cryogenic treatment, which is frequently employed. Hong et al. [88], 

on the other hand, proposed a dual nozzle system for LN2 supply for turning operations, 

where LN2 can be provided through a well-controlled and focused jet to the tool rake 

face, flank face or both. Next, Aurich et al. [89] suggested three different cooling methods 

using two nozzles, which are: (i) cooling the contact zone from the flank face and the 

rake face direction, (ii) pre-cooling the workpiece and the flank face direction, as well as 

(iii) both nozzle pre-cooling the workpiece when turning the stainless steel. Nonetheless, 

only marginal variances are noted for each method. The main aim for cryogenic 

machining is to reduce heat accumulation during machining. Therefore, longer tool life, 

lower cutting forces, as well as improved surface roughness and integrity, could be 

achieved. 

The effectiveness of cooling the cutting edges during machining operation can be 

achieved by modifying the tool to apply the cryogenic cooling, where the coolant is 

supplied continuously and directly to the tool holder, thus increasing the tool life and 

maintaining the workpieces ductility [18, 86]. Thus, it is suggested that the cryogenic 

cooling reduces the heat accumulated at the cutting zone [18], aside from retaining the 

hardness of the cutting tool [87]. Sections 2.3.3.2 to 2.3.3.4 further elaborate cryogenic 

machining for both metal and composite due to the limited literature available for 

composite machining in a cryogenic cutting environment.  
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2.3.3.2 Tool wear/tool life 

The heat generated due to plastic deformation of metal at shear zone during the 

machining process could be removed when applying the cryogenic coolant [86]. The 

effectiveness of cryogenic cooling also depends on how the coolant is applied during 

machining. The presence of cryogenic media can sometimes affect the property of the 

machined materials and as a result, affect the progression of tool wear when machining 

with the presence of cryogenic coolant. Khan et al. [18] modified the cutting tool by 

supplying the LN2 directly towards the cutting insert. They found that when machining 

stainless steel using the tungsten carbide inserts coated with titanium carbonitride (TiCN) 

at a cutting speed of 100 m/min and feed rate of 0.05 mm/rev the tool life improved 

more than four times compared to conventional cutting fluid. They proposed that 

machining at lower cutting speed with presence of cryogenic coolant could increase tool 

life whereas, when machining at high cutting speed the cutting tool suffered from 

microcrack and flank wear.  

However, Barnes et al. [90] reported that tool wear for solid carbide coated with titanium 

aluminium nitride (TiAlN) drill was higher when the cutting tool was cooled by LN2 as 

compared with dry machining  when drilling CFRP at a cutting speed of 96 m/min and 

feed rate of 0.065 mm/rev. They claimed that when drilling with pre-cooled tool the tool 

wear progressed at a faster rate due to the more brittle fracture and lower localised plastic 

deformation at the crack initiation zone in the epoxy matrix when compared with dry 

drilling. When drilling in dry condition, the epoxy matrix softened and resulted in lower 

tool wear. 

In contrast with Barnes et al. [90], Xia et al. [91] reported that when drilling of CFRP 

using uncoated carbide drill with cutting speed of 60 m/min and feed rate of 
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0.025-0.05 mm/rev, the outer corner wear of the drill used for dry drilling was 496 µm, 

whereas for cryogenic machining the wear was only 196 µm after producing 50 holes. 

They claimed that continuous cooling of the cutting tool during cryogenic drilling aided 

in heat removal between the cutting tool and the workpiece thus reducing the cutting 

temperature as well as retaining the sharpness of the cutting tool. The difference in this 

result might be due to the method of how the cutting tool was cooled during machining. 

Barnes et al. [90] cooled the cutting tool by submerging the cutting tool inside LN2 for 30 

seconds before drilling was performed, whereas, Xia et al. [91] supplied the LN2 

continuously through the coolant channel inside the cutting tool.  

In order to have a clear view of the temperature distribution when applying cryogenic 

cooling, Dix et al. [92] performed a modelling study to investigate the efficiency of drilling 

assisted by cryogenic cooling. The maximum temperature at the contact area between the 

stainless steel workpiece and the rake face of tungsten carbide tool when drilling with the 

presence of cryogenic coolant can be reduced to 450 °C, whereas the maximum 

temperature for the dry machining was 820 °C. Figure 2-14 shows the temperature 

distribution of the conventional cutting fluid and cryogenic cooling when drilling ten 

holes of steel using tungsten carbide tool with constant parameters (speed, 

V=105 m/min, feed rate, f=0.21 mm/rev). However, it was suggested that the cooling 

effect is strongly related to the position of the cooling channel for the temperature 

distribution during the machining process.  
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Figure 2-14: Cutting tool temperature between dry and cryogenic machining 

when drilling ten holes of steel using tungsten carbide tool with 
constant parameter (V= 105m/min, f=0.21mm/rev) [92]. 

2.3.3.3 Cutting forces 

Some researches claimed that reduction of cutting forces could be established when 

employing the cryogenic cooling because the cutting tool can retain it sharpness [93, 94]. 

Kumar et al. [93] observed that reduction of cutting force by 15 % was obtained when 

machining with the presence of cryogenic coolant when machining stainless steels using 

tungsten carbide tool with constant cutting parameters. However, Xia et al. [91] reported 

that the thrust force for cryogenic drilling was higher by 20 % as compared to the dry 

drilling of CFRP. The LN2 was supplied through the cutting tool during the drilling 

operation. Drilling of CFRP was performed using uncoated carbide drill with a constant 

speed of 60 m/min and feed rate of 0.025-0.05 mm/min with the dry and cryogenic 

condition as shown in Figure 2-15. When dry drilling CFRP, the heat generated soften 

the matrix materials, thus reduce the cutting forces. However, when drilling CFRP with 

the presence of cryogenic condition, the heat generated was removed more efficiently and 

the strength of the matrix material was retained. 
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Figure 2-15: Maximum thrust force when drilling of CFRP in dry and cryogenic 

conditions indicate that the thrust force in cryogenic condition was 
higher 20 % than dry condition [91]. 

Bhattacharya et al. [95]  and Ahmed et al. [86] also discovered that thrust force and torque 

were higher when machining Kevlar composite with the presence of cryogenic cooling. 

Findings obtained by Xia et al. [91], Bhattacharya and Horrigan [96], and Ahmed et al. 

[86] are in line with several other studies that reported the presence of cryogenic cooling 

during the machining process leading to increased hardness and reduction in resistance 

of the composite to deform [90, 97, 98]. Additionally, some properties of CFRP, such as 

tensile and Young’s modulus, could increase when the temperature is reduced. Moreover, 

in dry machining, high temperature may lead to the softening of matrix composite, apart 

from minimising the strength of resin to hold the carbon fibre [61, 81, 99, 100]. Thus, the 

cutting forces when machining of CFRP in cryogenic environment are generally higher 

when compared to that generated in dry machining.   

2.3.3.4 Surface roughness and integrity 

With regard to surface roughness and surface quality when machining with the presence 

of cryogenic cooling, reduction in cutting temperature via cryogenic cooling improved 

the machined surface [91, 101-103]. This can be attributed to the low cutting temperature 

that retained the sharpness of the cutting tool. Additionally, low cutting temperature 

reduces adhesion and chemical interactions between the cutting tool and the workpiece. 

Moreover, high cutting temperature in dry machining softens the matrix of the materials, 



Chapter 2: Literature Review  

40 

which may lead to fibre pull-out and rougher surface, as well as deformed matrix on the 

machined surface [91, 95]. In contrast, less fibre pull-out, less surface cracks, and clean 

surface were observed when machining CFRP in cryogenic condition. Rivera-Moreno et 

al. [101] reported that surface roughness was reduced by 75 % when CO2 cooling was 

applied during the grooving operation of elastomer. It was further observed that the 

grooved dimension when machining with cryogenic cooling approached the nominal 

dimension (≈ 4 mm) whereas, when machining in room temperature condition the 

grooved dimension reduce to ≈3 mm due to the material expandability. 

Improvement in surface roughness and damage with cryogenic machining can be 

attributed to the reduction in the cutting temperature during machining [102, 104]. Less 

heat generated between the cutting tool and the workpiece reduces deformation via chip 

formation mechanism, thus enhancing the quality of machined surface. This can be 

attributed to the reduction of cutting temperature and tool wear in cryogenic cooling 

condition [97]. The same finding was also reported by Kumaran et al. [102] when drilling 

woven CFRP in cryogenic cooling, where the surface roughness and the quality of the 

machined surface improved with cryogenic machining, although the thrust force was 

higher. Furthermore, it was reported that increment in temperature reduced the 

mechanical strength of the composite [105]. Meanwhile, adhesion between the matrix 

resin and the fibre is dependent on the processing temperature due to the varying 

coefficient of thermal expansion of both matrix and fibre [60]. This notion is in agreement 

with the findings from Hojo et al. [104], who claimed that CFRP damage, such as 

delamination and fracture toughness, are strongly related to the processing temperature. 

Such processing temperature significantly influences the impact of damage in CFRP [104, 

106].  
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Therefore, machining with the presence of cryogenic cooling can reduce the machining 

temperature, apart from improving tool wear, cutting forces, as well as surface roughness 

and integrity. The cooling techniques employed when performing the cryogenic 

machining are necessary to determine the effectiveness of the machining operation. 

2.4 Machining of CFRP 

As discussed in Section 2.1, CFRP composite has been increasingly replacing metal in 

both aerospace and automotive applications.  Machining of CFRP, nonetheless, is more 

complicated and challenging than machining metallic materials [3, 5, 17]. The different 

mechanical and physical properties of both fibre and matrix complicate the machining 

operation of CFRP. Although many studies have focused on drilling of CFRP, milling 

appears to be essential in some applications so as to achieve the final dimensional accuracy 

and perfect finishing of CFRP parts [5]. Milling of CFRP can be performed by using 

either abrasive cutting tools or conventional cutters. Section 2.4.1 presents the available 

literature that depicts conventional CFRP milling, while Section 2.4.2 explains abrasive 

machining of CFRP. 

2.4.1 Conventional milling (CM) 

Milling of CFRP has often been required to remove excess materials and for a perfect 

finishing of the final part. Milling is often carried out at the end of the manufacturing 

process before assembly. Nonetheless, milling of CFRP must be carried out in such a way 

to avoid rejection of any part. Typically, in a milling operation, the rotating cutting tool is 

moved, while the workpieces are secured on the machined bed to remove the material. 

The cutting tool employed for milling is usually comprised of multiple cutting points. 

These processes are required to meet the final product tolerance, dimensional accuracy, 

and quality of the produced parts [3]. The following sections discuss the cutting tool, the 
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tool wear mechanism, and the machinability (tool wear, cutting forces, as well as surface 

roughness and integrity) of the conventional milling (CM) of CFRP. 

2.4.1.1 Cutting tool 

Rapid tool wear and reduced tool life are the major problems reported when machining 

CFRP due to its highly abrasive and inhomogeneous properties. Therefore, selection of 

cutting tool for machining CFRP is crucial and critical [5, 107-109]. Material toughness 

and wear resistance are the main criteria in selecting the cutting tool [52, 80, 110]. The 

aspect of high toughness in cutting tool materials is crucial to avoid catastrophic failure 

during machining, such as fracture and chipping of the tool materials [5, 111, 112]. 

Figure 2-16 shows the correlation between hardness and toughness in cutting tool 

materials. Table 2-6 shows the properties of several cutting tool materials. Furthermore, 

some studies have performed CFRP milling with varied cutting tools, such as diamond 

abrasive tool [23, 113-117], polycrystalline diamond (PCD) tool [73, 118, 119], and 

cemented carbide tool [67, 109, 120, 121]. 

 

Figure 2-16: Relationship between hardness and toughness of cutting tool material 
(Adapted from [122]). 
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Table 2-6: Properties of the cutting tool materials (Adapted from [80, 122]). 

Tool materials Hardness, HV 
Thermal 

conductivity, 
W/m*k 

Thermal 
expansion,      

x10-6/k 

Diamond >9000 2100 3.1 
CBN >4500 1300 4.7 
Ceramic 2500 100 7.8 
Cemented carbide 2100 121 5.2 

A polycrystalline diamond (PCD) tool has been widely applied for CFRP machining. PCD 

offers longer tool life and improved surface roughness due to its properties, such as high 

hardness and high abrasion resistance [123-125]. However, the intricacy of manufacturing 

and the cost of PCD tool are 7 to 10 times higher when compared to other types of 

cutting tool materials, such as tungsten carbide and high speed steel. Besides, only a 

limited geometry that can be offered by PCD tool [126]. A PCD tool is comprised of 

synthetic diamond, where graphite and nickel are mixed at a high temperature (up to 

1800 °C) and high pressure (up to 700 MPa) to manufacture the PCD tool insert. A PCD 

tool consists of a layer of fine diamond powder that is sintered together to form a dense 

and uniform mass, approximately 0.5 to 0.7 mm thick and supported on a substrate of 

cemented carbide [80, 110, 112]. The carbide also plays an important role in determining 

the mechanical properties, such as PCD toughness [110, 126]. Moreover, a PCD tool 

possesses the highest thermal conductivity of any material at room temperature and low-

friction surface [127]. Additionally, a PCD also has high thermal conductivity, in which 

they can machine up to 350 °C before the tool starts to reduce its mechanical and physical 

strength [111, 126]. 

Alternatively, the frequent material selected for cutting tool in machining CFRP is 

cemented carbide. Tungsten carbide and titanium carbide are two groups of cemented 

carbide that have been commonly used for machining. In order to manufacture cutting 

tool, tungsten carbide particles, which are usually sized between 1 and 5 µm, are bonded 
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together in a cobalt matrix using powder metallurgy [80]. At times, other elements, such 

as titanium and niobium carbides, are incorporated to impart a particular property, such 

as hot hardness and resistance to oxidation, as well as diffusion of cutting tool. In 

addition, based on various applications, a wide range of grades of carbide cutting tools 

are available. Cemented carbide cutting tool can be classified into three major groups, 

which are: P, M, and K-types based on their applications. Also, they possess high hardness 

over a wide range of temperatures, high thermal conductivity, and high Young's modulus, 

thus making them an effective tool and die materials for a range of applications [3]. 

In contrast to cemented carbide cutting tool, PCD can offer abrasion resistance up to 500 

times greater than cemented carbide [80]. However, cemented carbide can be 

manufactured in complex shapes, when compared to PCD, thus making them to be often 

chosen as cutting tool to machine CFRP.  

2.4.1.2 End mill geometry 

The cutting tool geometry has a significant influence on cutting force, chip formation, 

and machined surface quality. Figure 2-17 displays the standard geometry of a three flutes 

end mill. Helix angle for milling tool refers to the angle between the helix (flute) and the 

axis, as shown in Figure 2-17, which usually ranges from 0 to 30 °.  Figure 2-18 illustrates 

the typical milling cutter used for milling CFRP. The straight flute cutter (helix angle= 0°) 

reflects the simplest geometry that offers good surface finish, but unfortunately, it has 

poor chip disposal, as exhibited in Figure 2-18 (a). Next, Figure 2-18 (b) shows the helical 

milling cutter that offers better chip disposal during milling, when compared to straight 

flute and burr milling cutters. As for helical milling cutter, the cutting force is generated 

depending on the spiral direction. As a result, surface ply that is not supported in the 

force direction is prone to delamination and fuzzing of carbon fibre. Meanwhile, burr 
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milling cutter, as shown in Figure 2-18 (c), is comprised of opposing spirals that ground 

on the body of the cutting tool to generate many cutting points [3]. This cutting tool is 

recommended for high cutting speed and feed rate application, however, the 

disadvantages of this cutting tool are premature fracture of the cutting points and poor 

chip disposal [117]. Poor chip disposal when machining CFRP is detrimental due to the 

clogging of chip on the cutting tool, which may increase the heat generated between the 

cutting tool and the workpiece. Therefore, selection of the most suitable cutting tool 

geometry is crucial when machining of CFRP. The geometry of PCD tool is limited to 

the straight flute cutter, whereas the tungsten carbide end mill can be manufactured into 

a variety of tool geometries based on the application.  

 
Figure 2-17: Major geometry of standard three-flute end mill (Adapted from [128]). 

 
Figure 2-18: Typical available geometry for milling CFRP a) straight flute cutter, b) 

helical milling cutter and c)burr milling cutter (Images not in scale, 
adapted from [3]). 

2.4.1.3 Tool wear mechanism 

The wear mechanism in PCD is similar to that of cemented carbide tool [3]. Several 

aspects can lead to the progression of PCD tool wear, such as particle size, content of 
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cobalt binder, diamond types, and impurities [124, 125, 129]. The PCD consists of 

diamond particles with Co binder. Hence, the wear mechanism in PCD tool is mainly due 

to abrasion by the dislodged diamond particles, cracking, and fracturing caused by brittle 

fracture and microchipping [118, 124]. Similar to the wear mechanism of tungsten carbide 

cutting tool, abrasion that occurs between PCD and workpiece may result in removal of 

Co binder. Although the high hardness of PCD tool could improve tool life, removal of 

Co binder results in dislodging of diamond particles. Figure 2-19 compares the tool life 

of several cutting tool materials, where it indicates PCD possesses less than 0.2 mm flank 

wear with a cutting length of 1400 m. 

 
Figure 2-19: Progression of flank wears in machining of CFRP when employed different 

cutting tools [123]. 

Other typical wear mechanisms observed in the PCD tool are edge rounding, cracking, 

and chipping, which could lead to the catastrophic failure of the cutting tool [3, 118]. 

Sheikh-Ahmad [3] explained that the wear mechanism of the PCD tool when machining 

the composite materials at a lower feed rate is abrasive wear, which is dominant wear. 

Microchipping initiates the abrasive wear at the cutting edges of the PCD tool, which is 

due to the removal of the weakly-held Co binder at the cutting edges.  

As discussed in Section 2.4.1.1, the main component of cemented carbide tool is tungsten 

carbide (WC) that acts as the main particle, while cobalt (Co) acts as the binder. Machining 
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of CFRP with uncoated cemented carbide has been extensively investigated. The wear 

mechanism, when machining CFRP, with WC-Co cutting tools is abrasive wear. The WC 

particles have higher hardness, when compared to carbon fibre. The tool wear mechanism 

of WC cutting tool is mainly due to the hard abrasion by fractured WC grains and soft 

abrasion mode due to the low hardness of carbon fibre, as compared with WC grains 

[108, 124, 130-132]. Besides, pull-out of WC grain from the cutting edges may result in 

hard abrasion between the cutting tool and the workpiece, especially due to the high 

hardness of WC, as compared to carbon fibre. The wear of WC tool is initiated with the 

removal of Co binder. As the Co binder starts to be removed from the surface, crack and 

fracture are generated at the WC particle by brittle fracture [130-132]. Consequently, the 

WC particle becomes more exposed to impact loading between the cutting tool and 

workpiece, thus resulting in WC particle pull-out from the surface. The pits and holes 

found on the surface of a cutting tool show that the WC-Co has been pulled-out when 

the cutting tool begins to wear [67, 131]. The Co binder is weaker than the WC particle, 

which results in higher wear rate for Co binder, while a reasonable rate for WC particle 

wear.  Hence, the selection of cutting tool materials is crucial when machining CFRP due 

to the properties of CFRP that are highly abrasive and non-homogenous.  

2.4.1.4 Summary of conventional milling (CM) 

Milling of CFRP is challenging due to the different properties of the matrix and carbon 

fibre. The primary concern in machining the polymeric matrix composite is that the 

cutting temperature should be below the Tg of matrix resin so as to avoid degradation in 

surface integrity. Several aspects could affect the machinability of the CFRP, such as fibre 

orientation and cutting parameters (feed, speed, and depth of cut). Due to the limitation 

of matrix resin processing temperature, it is proposed that machining of CFRP must be 

carried out at temperatures lower than the Tg. Several aspects, such as cutting parameters, 
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could influence the cutting temperature when milling CFRP. The cutting temperature in 

milling CFRP significantly affects the cutting tool wear and life, as well as the surface 

integrity. Due to the properties of the matrix resin, a processing temperature higher than 

the Tg could degrade the properties of CFRP.   

The main concern in CM of CFRP is the heat generated during machining, which could 

degrade both workpiece and machinability. Several studies have investigated the effects 

of the cutting parameters, such as cutting speed [65, 69, 71], feed rate [69, 70], and depth 

of cut on the cutting temperature. As a result, it has been suggested that increment in 

cutting temperature is more apparent with increased cutting speed, especially when 

compared to increased feed rate [65, 71, 74]. For instance, Wang et al. [65] mentioned 

that the effect of increasing feed rate is more dominant with increment in cutting force, 

but less effect on the cutting temperature. Although increase in feed rate can significantly 

increase the amount of chip thickness, El-Hofy et al. [74] reported that reduction in 

cutting temperature was noted when increasing feed rate due to shorter machining time. 

At a constant cutting speed of 200 m/min, the cutting temperature reduced from 220 to 

270 °C with a reduction in feed rate from 159 to 318 mm/min. Tables 2-7 and 2-8 

summaries the available literature milling of CFRP employing the tungsten carbide 

(WC-Co) and polycrystalline diamond (PCD) end mill, respectively.  
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Table 2-7: Summaries of reported literature on milling of CFRP with tungsten 
carbide (WC-Co) end mill. 

Reference 
Tool 
Specification 

Cutting Parameters Measured output 

Puw et al. 
[133] 

d= 20 mm V= 94.2, 188.4 m/min 
f= 50, 150 mm/min 
ae = 1 mm 
FO = 0°,45°,90°,135° 
CE= dry 
 

Tool wear (Vb) 
Cutting forces (Fx,Fy,Fx) 
Surface integrity  
Chip characteristic 
 

Hocheng et al. 
[56] 

d= 20 mm V= 31.4, 94.2, 188.4 
m/min 
f= 50, 150 mm/min 
ae = 1 mm 
FO = 0°,45°,90°,135° 
CE= dry  
 

Tool wear (Vb) 
Cutting forces (Fx,Fy,Fx) 
Surface integrity  
Chip characteristic 
 

Ucar et al.[82] d = 11.11 mm 
Helix angle, 30 ° 
 

V=18-25 m/min 
f= 76,127,178 mm/min 
ae = 1 mm  
CE= dry 
 

Tool wear (Vb) 
Cutting forces (Fx,Fy,Fx) 
Surface integrity 
Chip characteristic 
 

Nor et. al [67] d=8 mm Helix 
angle=30° 
 

V= 160-200 m/min 
f=159-398 mm/min 
ae= 0.71 mm 
CE= dry, -10°C 
 

Tool wear (Vb) 
Cutting forces (Fx,Fy,Fx) 
Surface integrity 
Delamination factor 

Pecat et al.[81] d= 160 mm 
Rake angle=-12 ° 
Clearance angle = 
-7 ° 

V= 20, 100, 200 m/min  
F= 40-398 mm/min  
FO = 0°,+45°,90°,-45° 
CE= -40,20,80 & 120 °C 
 

Cutting forces(Fx,Fy,Fz) 
Surface integrity  
 

Yashiro et al. 
[62] 

d=8 mm 
Helix angle=30 ° 
 

V= 15 – 300 m/min 
f=75-1200 mm/min 
CE= dry 
 

Cutting temperature 

Hosokawa et 
al. [134] 

d= 4 mm 
Helix angle= 
30 °,60 ° 
 

V= 25,75 m/min 
f= 0.025, 0.01 mm/min 
CE= dry 

Tool wear (Vb) 
Cutting forces (Fx,Fy,Fx) 
Surface integrity 

Ghafarizadeh 
et al. [71] 

d= 10 mm 
Helix angle=30 ° 
 

V= 200- 375 m/min 
f=  400-750 mm/min  
ae= 2.354 mm 
af= 0.5 mm 
FO = 0°,45°,90°,135° 
CE= dry 

Cutting forces(Fx,Fy,Fz) 
Surface integrity  
Cutting temperature  
 

d= tool diameter, V= cutting speed, f= feed rate, ae= radial depth of cut, af= axial depth of cut, CE= 
cutting environment , FO= fibre orientation 
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Table 2-8: Summaries of reported literature on milling of CFRP with polycrystalline 
diamond (PCD) end mill.  

Reference 
Tool 
Specification 

Cutting Parameters Measured output 

Hintze et al. 
[135] 

d=12 mm  
 

V= 800 m/min 
f= 6 mm/min 
ae= 4 mm 
CE= dry 
 

Delamination  

Sorrentino et 
al. [136] 

d= 40 mm  V= 100 m/min 
f= 100, 250,468 m/min 
ae= 10,20,30 40 mm 
af =1.01, 1.5, 2.0 mm 
CE= dry 
 

Cutting forces(Fx, Fy, Fz) 
Surface integrity 
 

Wang et al.[65] d= 6 mm 
 

V= 37- 132 m/min 
f=  197 - 702 mm/min 
ae= 2.32- 5.68 mm 
CE= dry 
 

Cutting forces(Fx, Fy, Fz) 
Surface integrity 
Cutting temperature  
 

El-Hofy et al. 
[74] 

d= 12 mm 
Helix angle 
=  -3°,0°,3° 
 

V= 200- 300 m/min 
f=  159-318 mm/min  
ae= 5 mm 
FO = 0°,45°,90°,135° 
CE= dry, chilled air 
 

Cutting forces(Fx, Fy, Fz) 
Surface integrity 
Cutting temperature  
 

TM= tool material,  d= tool diameter, V= cutting speed, f= feed rate, ae= radial depth of cut, af= axial 
depth of cut, CE= cutting environment , FO= fibre orientation 

As for the effect of fibre orientation on cutting temperature, the results obtained in 

studies conducted by El-Hofy et al. [74] and Ghafarizadeh et al. [71] are inconsistent. The 

former observed the highest cutting temperature (293 °C) when milling at 45 ° fibre 

orientation, while the latter reported that the highest cutting temperature was obtained 

for fibre orientation at 90 ° (90 °C) and the lowest at 0 ° (50 °C). Such inconsistency could 

be due to the different geometries of the cutting tools employed, as well as the varying 

cutting parameters, which may affect the cutting temperature.  

Hence, in order to reduce the effect of cutting temperature when milling CFRP, a study 

carried out by Nor et al. [67] revealed that the application of chilled air on the cutting tool 

while milling CFRP could produce a lower cutting temperature (102.8 °C) than the dry 

condition (133.6 °C). This could be attributed to the tool in the chilled air condition that 
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is less worn out, when compared to that in the dry machining condition. Chilled air 

removes the heat generated by the cutting tool and the workpiece. Although the cutting 

temperature is lower than the Tg of the epoxy (Tg= 180 °C), the thermally degraded resin 

was found on the machined surface, hence signifying the thermally-degraded resin. Thus, 

this suggests that although the cutting temperature does not reach the Tg, the 

combination of the cutting forces, the tool wear, and the heat generated could alter the 

machined surface. On top of that, Pecat et al. [81] reported that at a lower temperature 

(-20 and 40 °C), cracks propagating underneath the milled surface was apparent when 

milling CFRP at a constant speed of 100 m/min and 0.1 feed/tooth. Nonetheless, as the 

temperature increased (80 °C and 120 °C), the crack went invisible on the subsurface 

damage. This can be explained by the properties of the matrix resin that have reduced its 

brittleness to hold the carbon fibre. Hence, it is proposed that higher temperature 

increases the mobility of matrix resin (thermally damaged resin). As a result, the matrix 

resin could not support the carbon fibre any longer. It was also observed that cutting 

forces at a higher temperature are reduced, when compared to machining at a lower 

temperature. 

In addition, surface roughness and surface integrity increased as the feed rate increased 

[3, 61, 82, 133, 135], but decreased with increment in cutting speed [17, 82, 137]. This can 

be explained as a higher feed rate generates higher chip per tooth (af), hence producing 

higher surface roughness [61, 138]. Feed rate is a critical factor in controlling 

delamination, as compared to cutting speed and depth of cut. Besides, increment in feed 

rate increases delamination on any cutting speed applied. For instance, 

Rahman et al. [137] observed that the surface roughness increased when 0.3 mm/rev feed 

rate was applied, when compared to 0.1 mm/rev feed rate. This was attributed to the 

increase in contact area between cutting tool and CFRP workpiece material, which further 
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deteriorates the surface condition and increment in chip thickness. Moreover, machining 

at high feed rate can increase the heat generated by both cutting tool and workpiece. 

Consequently, matrix smearing and thermal damage of CFRP machined surface were 

observed [17, 59, 126, 139].  

2.4.2 Abrasive machining  

Although milling of CFRP has often been performed by employing a typical milling tool, 

alternatively, an abrasive cutting tool could be more effective. Milling of CFRP with 

abrasive cutters is similar to milling of CFRP with burr milling cutter, as exhibited in 

Figure 2-18 (c) [3]. The cutter used in abrasive machining consists of abrasive (diamond 

or CBN) that typically has a negative rake angle and a small depth of cut [3]. Figure 2-20 

shows the removal of materials in abrasive machining. The cutting process is carried out 

with several numbers of abrasive. When compared to CM, improved surface finish and 

less damage could be obtained with abrasive machining. The abrasive diamond cutting 

tool is gaining popularity for milling of CFRP due to its ability in machining at high cutting 

speed and feed rate, while at the same time, maintaining tool life. Although PCD could 

be applied in CM as the main cutting tool to promote longer tool life and to improve 

surface roughness, its inherently brittle feature is the main drawback. Nonetheless, the 

main problem when machining CFRP with abrasive cutting tool is the potential of broken 

fibre and thermally degraded resin to load between the diamond grit.  

 
Figure 2-20: (a) Material removal with an abrasive cutter and (b) the diamond grain 

cutting motion (Adapted from [3]). 
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2.4.2.1 Cutting tool 

The abrasive diamond can be deposited on the body of the cutting tool via several 

methods, such as resin bonding, vitrified bonding, metallic bonding, and electroplated 

bonding [140], based on the required application of the tools. For instance, maximum 

material removal rate, Q’w,max range from 1000 to 10000 mm3/mms can be achieved by 

employing the electroplated bonding type, while vitrified bonding can offer various 

advantages, such as diamond strength, chip clearance, and improved surface finish [112, 

141]. Typically, super-abrasive diamonds are usually deposited to the cutting tool body 

via electroplated Nickel (Ni) bonding to produce a single layer of diamond on the cutting 

tool [113, 140]. The diamond grit size is grouped into three ranges: fine, medium, and 

coarse, which are determined based on the application required. For example, a coarse 

diamond (400-600 µm) is chosen for roughing operation, while for finishing the 

operation, a finer (< 100 µm) grit size is applicable. Figure 2-21 shows the typical abrasive 

diamond tool that has often been employed for abrasive machining. 

 

Figure 2-21: (a) Abrasive diamond tool with 420 µm diamond grain size and (b) typical 
geometry of abrasive diamond tool consist of randomly distributed 
diamond grain. This tool with 420 µm diamond abrasive grain typically 
employed for roughing operation. 
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2.4.2.2 Tool wear mechanism 

Tool wear mechanism in abrasive diamond tool differs from CM tool. The types of wear 

observed on abrasive diamond tool are attrition wear, diamond grit fracture, and bonding 

fracture [142]. Attrition wear in super-abrasive diamond tool is also known as wear flat. 

Attrition wear occurs when the sharp peak of the abrasive diamond grit experiences wear 

and the active cutting edges become blunt. This can occur when machining CFRP during 

the material removal process; in which the diamond grain can be in contact with the 

workpieces, where both chemical and physical reactions take place [113, 143]. 

Furthermore, the flattened diamond grain is evident when the machining length was 

increased. Increasing wear flat of the super-abrasive diamond leads to a reduction in the 

active cutting edges, thus, increased cutting forces during machining. Figure 2-22 shows 

the attrition wear and the grain pull-out that occur on abrasive diamond tool. 

 

Figure 2-22: Typical wear observed on an abrasive diamond tool such as attrition wear 
and pull out of diamond grains. The cutting tool has an average of 91µm 
diamond grit size [142]. 

Another possible wear mechanism with abrasive diamond tool is fracturing of the 

diamond grain. In contrast with attrition wear, diamond grain fracture results in increased 

active cutting edges, where more sharp abrasive peaks are observed on the cutting tool.  

Moreover, another possible wear type of the abrasive diamond tool is bond fracture that 

leads to the diamond grain to be pulled out from the cutting tool. As a result, the number 

of active cutting edges on the cutting tool is reduced. Furthermore, several aspects can 
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lead to grain pull out, such as flattening of diamond grain, which may result in increased 

cutting forces during the material removal process. Hence, the high cutting force 

generated by fracturing of the bonding material that holds the diamond could result in 

pull out of the diamond grain. 

2.4.2.3 Summary of abrasive machining 

Abrasive machining of CFRP is mainly focused on two main aspects, which are the effects 

of cutting tools characteristics (abrasive types and grain size) and the cutting parameters 

(V, f, and ae) on machinability. Machining of CFRP with abrasive diamond tool is 

challenging due to the high machining temperature that can lead to the dislodging of 

broken fibre and matrix resin between the diamond grains [113, 114]. Moreover, 

thermally degraded resin and broken fibre have been observed on the cutting tool with 

increment in machining length. Furthermore, it has been reported that the diamond grains 

were covered by resin and broken fibre [117]. As the machining length is increased, the 

heat generated by both cutting tool and workpiece can soften the material [113]. As a 

result, the thermally degraded resin and the broken fibre cover the active cutting edge. 

This problem also leads to increment in cutting force as the machining length is increased.  

When comparing abrasive machining with CM in similar cutting parameters 

(V= 100 m/min; f= 100, 250, and 468 mm/min), Sorrentino et al. [144] reported that 

cutting forces, tool life, and surface roughness improved by 25 %, 60 %, and 15 %, 

respectively. Besides, it has been proposed that the presence of scattered individual 

diamond grain on the cutting tool improved the stability of the machining. Reduction in 

cutting force (Fxy) can be achieved due to the stability attained in the process and the 

smaller chip thickness obtained in the abrasive machining, as compared to that in CM. 

Reduction of cutting forces in abrasive machining due to the energy required to remove 
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the chip is divided into a larger number of working teeth. However, CM is limited to the 

number of cutting flutes. Therefore, smooth machining is achieved in abrasive machining 

due to small chip thickness and less vibration that result in lower cutting forces. Hence, 

low equivalent chip thickness in abrasive machining reduces cutting forces. Furthermore, 

it was reported that the abrasive grains generate a micro cutting action when machining, 

which leads to a reduction in cutting forces [142]. In terms of cutting parameters, the 

effect of feed rate is more significant, where cutting forces and surface roughness increase 

as the feed rate is increased [145-147]. Table 2-9 summarises the available literature on 

abrasive machining of CFRP performed for milling operation. 

Table 2-9: Summaries of reported literature on abrasive machining of CFRP. 

Reference Tool Specification 
Cutting 
Parameter 

Measured output 

Colligan and 
Ramulu [145] 

Abrasive: Diamond 
d : 12.7, 19, 25.4 mm 
Grain size: 125, 180, 300, 
600 µm 

V= 399 m/min 
 f= 0.38-1.02 
m/min 
CE= Dry 

Tool condition 
Cutting forces(Fx,Fy,Fz) 
Surface integrity 

Sheikh-Ahmad et 
al. [148] 

Abrasive: Diamond 
d :12.7 mm 
Grain size: 40 µm 
 

V= 2.0, 3.3m/min 
f= 0.25, 
0.76m/min 
Ae= 3.18, 12.70 
mm 
CE= Dry 

Cutting forces(Fx,Fy,Fz)  
Specific energy 
Surface integrity  
Cutting temperature 

Soo et al. [113] Abrasive: Diamond, 
CBN 
d : 10 mm 
Grain size:76,151, 
252 µm 

V= 1200 m/min 
f= 4 m/min 
Ae=0.5, 3 mm 
CE=  Dry 

Tool condition 
Cutting forces 
(Fx,Fy,Fz) Surface 
integrity  

Boudelier et al. 
[146, 147] 

Abrasive: Diamond 
d :16, 25 mm 
Grain size: 427,602, 852, 
1182 µm 
 

V= 400 – 1400 
m/min 
f= 0.03-0.5 
mm/rev 
Ae= 9.1 mm 
CE= Dry 

Specific energy 

Sorrentino et al. 
[144] 

Abrasive: Diamond 
d :20 mm 
Grain size: 300-355 µm 
 

V= 100 m/min 
f= 100,250,468 
mm/min 
Ae= 10, 20 mm 
Environment= 
Dry 
 

Tool condition 
Cutting forces 
(Fx,Fy,Fz) 
Surface integrity  

d = tool diameter, V= Cutting speed, f= feed rate, Ae = radial depth of cut, CE=cutting environment   
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In terms of cutting tool characteristics, larger diamond grain is typically employed to 

perform roughing operations, while finer-sized diamond grain is selected for finishing 

operations [113, 145, 146]. For instance, Colligan and Ramulu [145] compared the varied 

diamond grain sizes (125, 180, 300, and 600 µm) on the surface roughness obtained on 

CFRP. Higher surface roughness (Ra=30-35 µm) was obtained when machining with 600 

µm grits, while lower surface roughness (Ra=5-6 µm) was evident when machined with 

finer diamond grain size (125 µm). A similar observation was reported by Soo et al. [113], 

which indicated that 76 µm grain size abrasive must be employed, instead of 156 µm, to 

obtain a near free damage machined surface. Thus, the diamond grain size significantly 

affects the surface roughness in abrasive machining. Hence, as for the roughing process, 

the coarse diamond grit size is recommended, while for finishing operation where the 

surface roughness is the main criteria, finer-sized diamond grain is required. 

Although smaller diamond grain size is recommended to achieve lower surface 

roughness, inadequate space for the chip to evacuate may be a problem.  A finer grain 

size indicates that the density of the diamond grit is higher, when compared to coarse 

grain size [146, 147]. Therefore, the space between individual diamonds in the finer 

diamond grain is smaller compared to that with coarse diamond. For instance, coarse 

diamond (600 µm) has the space for chip clearance, which is larger than the finer diamond 

(125 µm). Although improved surface roughness can be obtained by employing finer 

diamond grain, the abrasive cutter with finer diamond grain is more susceptible to load 

with broken fibre and thermally degraded resin. The loaded materials at the cutting tool 

in abrasive machining reflect a similar observation with the grinding operation. When the 

abrasive cutter is loaded with materials, the active cutting edges are reduced. Hence, when 

the cutter is loaded with materials, the friction between cutting tool and workpiece 

materials is higher, thus leading to high cutting forces [113].   
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Therefore, several recommendations should be taken into consideration when machining 

CFRP with an abrasive tool. The selection of diamond grain depends on the surface 

roughness requirement. Although a finer grade of diamond is recommended to achieve 

lower surface roughness, the chip flow during machining must be taken into 

consideration.  

2.5 Principle of ultrasonic assisted milling (UAM) 

2.5.1 Introduction 

Ultrasonic assisted machining is a hybrid technique which combines the CM mode with 

the vibration of cutting tool or workpiece during machining. The development of 

ultrasonic assisted machining, including milling, drilling, grinding, and turning is still 

ongoing, where some researchers have proposed different methods for ultrasonic assisted 

machining. However, due to the limited amount of literature reporting on ultrasonic 

assisted milling (UAM) of composites, especially CFRP, some of the studies discussed 

here include the UAM of metallic materials. The basic principles of UAM are when the 

high frequency (20-50 kHz) and the low amplitude vibrations (1-40 µm) are 

superimposed on a cutting tool or a workpiece [13, 149-151]. The ultrasonic amplitude 

and vibration can be applied to the workpiece or the cutting tool during the machining 

operation, where it can be in x, y or z-direction during UAM. It must be noted that in this 

research, the ultrasonic was applied on the cutting tool and vibrate in z-direction. 

However, UAM must not be confused with the low-frequency vibration milling (LFVM) 

where in LFVM, the frequency employed is usually below 200 Hz and the amplitude can 

reach up to 100 µm. 

During UAM, the ultrasonic frequency is transferred from the spindle to the ultrasonic 

actuator via induction. As illustrated in Figure 2-23, during UAM, the transmitter segment 



Chapter 2: Literature Review  

59 

at the tool spindle transmits electrical signal via induction to the receiver coil of the tool 

holder (ultrasonic actuator) that contains piezoelectric crystals [152]. The voltage 

compressed the piezoelectric crystals and produced mechanical vibration. The mechanical 

vibration is then transferred to the cutting tool to vibrate it in an axial direction.  

 

Figure 2-23: Ultrasonic assisted milling (Illustration adapted from [152]) 

It is claimed that the effectiveness of UAM is determined by three critical factors, which 

are: cutting tool or workpiece vibration frequency (f), vibration amplitude (a), and cutting 

speed (V). As for the ultrasonic assisted machining, the cutting speed (V) is 

recommended to be less than the critical speed, Vcr, to ensure the occurrence of 

intermittent cutting in UAM [13, 149, 150]. It has also been claimed that the effectiveness 

of intermittent separation between the tool and the workpiece during UAM is determined 

by the value of amplitude vibration and frequency, where higher value of amplitude 

results in a larger tool-workpiece separation during the machining process [12]. The 

intermittent cutting during UAM occurs when the tool-workpiece is separated at a certain 

time in a cutting cycle. Besides, intermittent cutting process that refers to tool-workpiece 

separation offers many advantages over CM in terms of machining quality and efficiency, 

including reduced tool force and surface roughness, improved form of accuracy, as well 

as enhanced tool life and material removal [13, 149, 151, 153-156]. It is also claimed that 
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UAM can reduce the heat accumulated between the cutting tool and the workpiece, aside 

from aiding in chip evacuation and removal of excess cutting fluid [149]. However, limited 

study has investigated the ultrasonic vibration of the cutting tool perpendicular towards 

feed directions, which could result in intermittent separation between the cutting tool and 

the workpiece. 

Only limited studies have examined UAM of CFRP due to the complexity of composite 

structure with non-homogenous and anisotropic properties. UAM can offer several 

advantages for CFRP machining, especially in reducing cutting temperature that can lead 

to thermal degradation in composite materials. 

2.5.2 Tool wear/tool life 

Rapid tool wear is a major problem in machining that can lead to higher cutting forces 

and poor surface roughness. Thus, UAM implementation can improve and extend tool 

life. For example, built-up edge and adhesion of workpiece materials that are often 

observed in metal cutting could be reduced with UAM [154, 156]. Intermittent cutting in 

UAM suggests that less contact between cutting tool and workpiece could reduce wear 

mechanism [157]. However, Nath et al. [156] observed that the cutting tool experienced 

fracture and catastrophic failure when high cutting speed (15 m/s) was applied during 

UAM of Inconel 718. It was observed that at higher cutting speed, the cutting tool 

engaged with the workpiece relatively long duration and the cutting tool was attacked by 

tangential and radial impact during cutting. In contrast, Janghorbanian et al. [150] found 

that applying a low cutting speed (16-63 m/min) in UAM resulted in higher tool wear 

when machining stainless steel. They also asserted that at low cutting speed, the impact 

contact between the cutting tool and the workpieces was higher, when compared to 

higher cutting speed (99 m/min). The cutting tool and the workpiece have less impact 
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contact at higher cutting speed, where the cutting temperature is reduced and less plastic 

deformation occurs in UAM, as compared to CM [150]. However, Maurotto et al. [8] 

claimed that the tool life of carbide tool when milling stainless steel conventionally 

produced better tool condition, when compared with UAM. UAM with a frequency of 

40 kHz produced four-times tool damages, as compared to CM, while machining with 

20 kHz and 60 kHz frequencies resulted in similar tool damages as that in CM. However, 

varied techniques in UAM may affect the progression of tool wear and tool life [150] . 

For instance, Maurotto et al. [8] employed the ultrasonic vibration on cutting tool that is 

perpendicular towards feed direction, while Janghorbanian et al. [150] employed the 

ultrasonic vibration of workpiece parallel to the feed direction. 

Additionally, authors claimed that the tool-workpieces ultrasonic vibration in UAM could 

aid in reducing cutting temperature, thus improving the life of cutting tool. The 

out-of-contact between cutting tool and workpiece when dry machining generates an air 

medium that aids in reducing the heat accumulated at the cutting tool, apart from allowing 

the cutting fluid to reach the maximum heat zone when machining with cutting fluid [149, 

150, 158]. Nonetheless, an inconsistency emerges when Zarchi et al. [154] claimed that 

the vibration during UAM generated more energy that increased tool-workpiece 

temperature. This discrepancy is attributed to the varied techniques (UAM parameters 

and tool-workpiece vibration) used by researchers, which increase/decrease of cutting 

temperature. 

2.5.3 Cutting forces 

In UAM, the ultrasonic vibration affects the formation of chip, where the chips produced 

are smaller than the chips produced by CM [149]. The ultrasonic vibration influences the 

gap between the cutting tool and the workpiece material, thus leading to better chip 
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breaking conditions [149, 154]. Higher amplitude was found to produce smaller chips due 

to the larger tool-workpiece separation during material removal process in UAM, hence 

aiding in the chip removal at the cutting tool [9, 149, 154]. Consequently, the machining 

force measured in UAM is less than CM when the same machining condition was applied. 

In addition, improvement in the cutting forces during UAM shows promising results with 

different cutting tool materials and geometries, type of tool-workpiece vibration, cutting 

parameter, and various types of workpiece materials [149, 150, 154]. 

Moreover, it has been claimed that the intermittent cutting in UAM, where there is a 

separation between the cutting tool, indicates that no cutting occurs at a certain part in 

one cutting cycle, thus reducing both cutting force and shifts in cutting force pattern 

[154]. However, it was depends on the direction of the vibration and the method of 

vibration either the ultrasonic amplitude is applied on the cutting tool or the workpiece 

materials. It was also observed that the cutting force pattern in UAM is similar to the 

pulse-like profile, which indicates that the tool-workpiece was not in contact at a certain 

time [149]. The tool-workpiece separation aided the periodical separation between the 

cutting tool and the workpiece, hence, the micro-segmented cutting during the UAM 

reduced the cutting forces [149]. Therefore, smaller chips are produced, when compared 

to those generated in CM. The reduction of cutting forces was up to 19 % when 20 µm 

amplitude was applied, while only 6 % of reduction in cutting force when 8 µm amplitude 

was applied with constant parameters [154]. Thus, this result demonstrates that the tool-

workpiece separation during UAM leads to reduction in cutting forces, apart from 

modifying the chip formation mechanism. 
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2.5.4 Surface roughness and integrity 

Although tool life and cutting forces in UAM have displayed significant advantages over 

CM, improvement in roughness of the machined surface is still unclear. Razfar et al. [13] 

observed that surface roughness improved by 12.9% when UAM stainless steel with a 

cutting speed at 500 RPM and a feed rate at 0.005 mm/tooth [13]. The increase in feed 

rate from 0.025 to 0.1 mm/tooth resulted in increment in surface roughness for both CM 

and UAM. This can be attributed to the increase of uncut chip thickness, which results 

in higher roughness of the machined surface [9, 159]. Therefore, the effect of machining 

parameters in UAM, such as feed rate and speed, are similar to those in CM. Besides, it 

has been reported that in UAM, the friction coefficient between workpiece and cutting 

tool changed from semi-static to dynamic friction [13]. Hence, these changes improved 

the quality of the machined surface as a result of lower forces acting on the workpiece/the 

cutting tool. In addition, the intermittent disengagement between the tool-workpiece may 

create a dynamic lubrication, where cooling of cutting tool and workpiece takes place 

during the separation [13]. Takeyama and Iijima [7] concluded that lower cutting 

parameters are required in UAM to achieve lower force and enhanced surface roughness 

since the tool and the workpieces are separated in large part of the vibration. In contrast, 

Shen et al. [9] found that the ultrasonic vibration resulted in higher roughness of the 

aluminium surface due to increment in tool marking on the machined surface. However, 

enhancement of the slot width accuracy was observed.  

Therefore, UAM potentially offers several advantages over CM, such as longer tool life, 

reduced cutting forces, and improved surface roughness. As discussed in Section 2.1.2, 

the processing temperature of CFRP must be below than the Tg of matrix resin. Although 

less work has been carried out in the light of UAM for CFRP, the intermittent separation 

between the cutting tool and the workpiece offered by UAM is beneficial to the 
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machinability of CFRP in terms of improved tool life and surface roughness, as well as 

reduction in lower cutting force and cutting temperature. 

2.6 Measurement  

2.6.1 Surface roughness 

Milling of CFRP often occurs at the end of the manufacturing processes for finishing and 

final accuracy purposes. Thus, the quality of the machined part is essential to avoid part 

rejection or further remedial machining processes. Surface roughness and surface 

integrity constitute a significant concern for CFRP milling as the surface finish is critical 

in determining both machining accuracy and part performance [17]. Figure 2-24 illustrates 

a schematic representation of the machined surface. Surface roughness can be assessed 

by several roughness parameters, such as Ra (arithmetic mean value), Rp (maximum peak 

to mean height), Rt (maximum peak to valley height), Rv (mean to valley height), and Rz 

(ten-point average height). Surface roughness is often measured by using Ra value.  

 
Figure 2-24: Schematic representation of the machined surface (Adapted from [3]). 

Commonly, the aspect of surface roughness can be measured by using a diamond stylus. 

Alternatively, non-contact (optical) surface roughness measuring-devices can also be 

applied. A non-contact surface roughness measuring device, in fact, offers several 

advantages over the diamond stylus device, for example, the non-contact may not damage 

the soft-machined surface and it does not alter the machined surface condition. Besides, 
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a 3D image, such as a hole, fibre pull-out, and delamination, on the machined surface can 

be observed if non-contact measuring device is used. 

2.6.2 Differential Scanning Calorimetry (DSC) 

Differential Scanning Calorimetry (DSC) is a thermal analysis technique that provides 

information regarding material changes; such as the Tg, phase changes, and curing 

temperature. DSC is an established technique for monitoring changes in Tg of polymeric 

materials [160, 161]. In DSC, two pans, which are the reference’s pan and sample’s pan 

are heated or cooled at the same time. The temperature difference between both pans are 

maintained at zero difference as in Figure 2-25. The typical heating rate employed in DSC 

analysis for the polymer is 10 °C/min. A higher heating rate is not recommended as there 

is the potential of losing information due to the fast scanning [160, 161].   

 

Figure 2-25: Schematic diagram of heat flux type DSC. 

Nonetheless, some factors can affect the effectiveness of the measurement by using the 

DSC, such as heating rate, sample size, thermal contact between the pan and the sample, 

type of gas used (N2, O2, H2), and sample purity. During measurement, the temperature 

difference between the sample and reference pans determines the heat flow of the 

materials; either exothermic or endothermic. Endothermic reactions occur when the 

sample absorbs heat. For instance, in order to transform a solid sample to one that is 

liquid, more heat flow (increment of temperature) is required to melt the sample. In 
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contrast to endothermic reaction, the exothermic reaction occurs when heat is released 

from the sample. The change of heat flow signifies that the material changes from the 

rigid and solid state to a glassy and rubbery state, which determines the Tg of the 

materials. The increase in temperature ranges consequently enhances the mobility of 

polymer chains [160].  

Furthermore, the DSC has been extensively employed in determining material changes, 

especially in polymeric materials [14, 15, 43, 161]. For instance, the effect of curing on 

the Tg via DSC analysis has been extensively employed in many studies [14, 15, 33, 43]. 

DSC also has been applied to determine the effects of chemical ageing, including 

oxidation [35, 45], and thermal ageing [16, 44] of polymeric materials. Although DSC has 

been used extensively for characterisation of polymeric materials, there are limited studies 

involving the effect of machining on the machined surface of CFRP. Recently, some 

works have identified the phase changes for the machined surface of Nickel-Titanium 

(Ni-Ti) alloy. For instance, Kaynak et al. [162, 163] performed a DSC analysis on the 

machined surface of Ni-Ti alloy to investigate the phase transformation on the surface 

and the subsurface of the machined sample, which was induced by the cutting process. 

Figure 2-26 shows the DSC analysis of the machined sample from both cryogenic and 

dry machining conditions of Ni-Ti. The changes in Tg of machined Ni-Ti surface 

indicated that the machining operation did modify the chemical properties of the material. 

Therefore, this concludes that the DSC technique is not only limited to study polymer 

characterisation alone, but also to establish the effect of machining on the machined 

surface. 
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Figure 2-26: DSC analysis to investigate of effect machining process (dry and 
cryogenic) on NiTi structure [162]. 

2.6.3 Fourier Transform Infrared spectroscopy (FTIR) 

Fourier Transform Infrared (FTIR) spectroscopy can be employed to study chemical 

property changes in a composite material since FTIR can detect small changes in the 

molecular structures of the polymeric composite [36, 164, 165]. FTIR is a technique where 

the infrared absorption peak of the molecular structure of solid, liquid or gas can be 

detected and it can also be used to overcome the inaccurate conclusion of thermal 

degradation [36]. FTIR can be utilised to study early stages of a degradation process when 

there are considerable changes taking place in the molecular structure material, even 

though the weight loss may be negligible [164, 166].  Figure 2-27 indicates the general 

working principle of FTIR spectroscopy. The general principles of FTIR include the 

infrared (IR) sources, detector, a beam splitter, and moving and fixed mirrors. During the 

scanning, the IR light will go through the moving and fixed mirrors. The beam splitter 

divides the light into two directions, which is 50 % to the fixed mirror and another 50 % 

to the moving mirror. Both lights from the fixed and moving mirror will reflect the beam 

splitter. The interference between the two light sources will give the details of the material 

properties wavelength.  



Chapter 2: Literature Review  

68 

Several studies have been carried out in identifying material properties changes of a 

polymer composite using the FTIR analysis [38, 39, 167]. The thumbprint of the polymer 

matrix composite can be the reference properties of the material, and the FTIR 

wavelength can be compared with any changes of the materials properties. For instance, 

the reduction of any chemical bonding detected by FTIR can give valuable information, 

regarding degradation, oxidation and more.  

Therefore, combinations of both DSC and FTIR can compliment each other in 

explaining the effect of process such as in the molecular property changes of CFRP. 

Different thermal properties of carbon fibre and BMI resin are crucial in machining them 

since high processing temperature can degrade the mechanical and chemical properties 

of the composite. For example, the glass transition of BMI is 250 °C, while the 

decomposition temperature of carbon fibre is ≈3000 °C [167]. Further processing 

temperature on the CFRP has a detrimental effect on the composite’s mechanical and 

chemical properties of matrix resin. CFRP experiences thermal damages or deterioration 

at the machined surface [22, 56, 168, 169] and there is limited research that explored the 

chemical properties changes and its effect on the glass transition temperature of CFRP.  

 

Figure 2-27: General working principle of FTIR. 
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Although several works have been carried out on the effect of machining on the 

mechanical properties [19, 20, 22, 169] of CFRP after machining, the knowledge on the 

effect on the chemical properties after machining is not clear yet. Thus, a combination of 

both DSC and FTIR can give valuable information on the effect of machining on the 

machined surface of CFRP in detecting the thermal and property changes of the 

polymeric materials [47, 166, 170, 171]. These two common techniques can be employed 

to identify the damage mechanism induced by the machining operation that can lead to 

the deterioration of the mechanical properties of CFRP.  

2.7 Summary of literature review 

Based on the extensive literature survey on CFRP and machining point of view, the 

overall literature can be summarized as depicted in the following: 

 Although most parts of the aerospace application are manufactured near the net shape, 

machining operations, such as the finishing process to meet the final requirement, are 

still needed. As such, many researchers have suggested that machining of CFRP must 

be carried out in a dry conditions since absorption of moisture during wet machining 

can affect the mechanical properties of CFRP. Many researchers have reported that 

increasing tool wear could lead to high machining temperature while CFRP machining 

[5, 61, 82, 109]. They also asserted that a high temperature during machining CFRP 

parts leads to thermal damage and degradation of CFRP properties. 

 Significant researches have been carried out to investigate the effect of machining 

operation on the mechanical properties of CFRP [22, 66]. However, not many have 

considered the chemical changes of the CFRP material properties after the machining 

operation. There are also limited studies on the thermal damage of CFRP machined 

parts after machining. Hence, there is no substantial reason or quantification proof of 

the claim that thermal damages and degradation of CFRP occur after machining.  
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 Several problems, such as rapid tool wear, due to abrasiveness of the fibre are the main 

concern in machining CFRP. Rapid tool wear leads to increased machining force, thus 

resulting in increased surface roughness. The increase in cutting temperature due to 

poor tool condition and high cutting force may lead to thermal damage upon the 

machined surface. Thus, hybrid machining, such as ultrasonic assisted milling (UAM), 

is an extended technique that can be applied to improve tool life, machining force, and 

surface quality [6, 13, 172]. The presence of cryogenic coolant in machining CFRP 

enhances the outcome of machining since dry environment is recommended for CFRP 

machining. Thus, it has been suggested that the combination of UAM with cryogenic 

coolant could improve the machinability of CFRP. 

  DSC and FTIR are established techniques for polymer characterisation; therefore, it 

would be beneficial to employ both techniques to investigate the effect of matrix resin 

machining. The changes in chemical bond of the CFRP composite can be an indicator 

of the CFRP quality after the machining operations are performed.
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Chapter 3 Experimental work  

3.1  Workpiece material 

The workpiece material employed in all experimental work was a carbon fibre reinforced 

polymer (CFRP) with bismaleimide 5250-4 (BMI) resin. Cytec Industries developed the 

Cycom 5250-4 prepreg system, and BAE Systems supplied the workpiece materials. The 

CFRP prepreg is the main material utilised by BAE Systems, especially in a defence 

aircraft. Table 3-1 shows selected mechanical and physical properties of Cycom 5250-4 

prepreg system. The glass transition temperature (Tg) indicates that the maximum 

processing temperature for this workpiece material is 300 °C. Two different thicknesses 

of CFRP (5 and 10 mm) were employed in this thesis due to the availability of the supplied 

materials. The 5 mm CFRP was produced with the same layup sequence to ensure that 

the effect of the fibre orientation towards the machining outcome is negligible. Tables 3-2 

and 3-3 show the prepreg sequence of the 10 mm and 5 mm thick CFRP that comprises 

of 75 and 32 layers of the quasi-isotropic orientation of carbon fibre, respectively. For 

simplicity, henceforth, CFRP with Bismaleimide 5250-4 resin will be referred as CFRP 

BMI 5250-4, throughout the experimental work. 

Table 3-1: Selected mechanical and physical properties of CFRP BMI 5250-4 properties 
[173].  

Properties Value 

Density  1.25 g/cc 

Dry glass transition temperature, Tg 300 °C 

Wet glass transition temperature, Tg 200 °C 

Tensile strength 103 MPa 

Flexure strength  163 MPa 

Fibre volume 60 % 
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Table 3-2: Carbon fibre lay-up sequence for 10 mm thick CFRP BMI 5250-4. 

Lay 
up 

Fibre orientation  Lay 
up 

Fibre orientation  Lay 
up 

Fibre orientation 

1. 45° 

 

 26. 0° 

 

 51. 90° 

 

2. 45°  27. 90°  52. 45° 

3. 45°  28. 45°  53. 45° 

4. 90°  29. 45°  54. 90° 

5. 0°  30. 90°  55. 45° 

6. 45°  31. 45°  56. 45° 

7. 45°  32. 45°  57. 0° 

8. 90°  33. 0°  58. 90° 

9. 45°  34. 90°  59. 45° 

10. 45°  35. 45°  60. 45° 

11. 90°  36. 45°  61. 90° 

12. 0°  37. 90°  62. 45° 

13. 45°  38. 90°  63. 45° 

14. 45°  39. 45°  64. 0° 

15. 90°  40. 45°  65. 90° 

16. 45°  41. 90°  66. 45° 

17. 45°  42. 0°  67. 45° 

18. 90°  43. 90°  68. 90° 

19. 0°  44. 45°  69. 45° 

20. 45°  45. 45°  70. 45° 

21. 45°  46. 90°  71. 0° 

22. 90°  47. 45°  72. 90° 

23. 45°  48. 45°  73. 45° 

24. 45°  49. 90°  74. 45° 

25. 90°  50. 0°  75. 45° 
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Table 3-3: Carbon fibre lay-up sequence for 5 mm thick CFRP BMI 5250-4. 

Lay up Fibre orientation 

1. 45 ° 

 

2. 45 ° 

3. 45 ° 

4. 0° 

5. 45° 

6. 45° 

7. 0° 

8. 45° 

9. 45° 

10. 0° 

11. 45° 

12. 45° 

13. 45° 

14. 90° 

15. 45° 

16. 90° 

17. 90° 

18. 45° 

19. 90° 

20. 45° 

21. 45° 

22. 45° 

23. 0° 

24. 45° 

25. 45° 

26. 0° 

27. 45° 

28. 45° 

29. 0° 

30. 45° 

31. 45° 

32. 45° 
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3.2 Cutting Tools  

Three different cutting tools, which are uncoated tungsten carbide end mill, 

polycrystalline diamond (PCD) end mill, and abrasive diamond tool were employed in 

this research. For Study 1(a), tungsten carbide end mill was employed as a main cutting 

tool to investigate the effect of cutting environment and machining process on the 

machinability (tool wear, cutting forces and surface roughness). Whereas, to investigate 

the effect of the cutting tool type on ultrasonic assisted milling (UAM), the straight flutes 

of PCD end mill tool (Study 2) and abrasive diamond tool (Study 3) were employed. 

Section 3.2.1 to 3.2.3 describe the specification of the cutting tools employed in this 

thesis. 

3.2.1 Tungsten carbide end mill 

Figure 3-1 shows the 10 mm diameter uncoated tungsten carbide end mill, tool code 

40557 from SGS tooling was employed in Study 1(a) milling test. Figures 3-2 (a) and (b) 

show the top and side view of the end mill. The three flutes end mill had a cutting length 

of 22 mm, shank diameter of 10 mm, and helix angle of 30°. This end mill is 

manufactured specifically to machine the composite materials. Table 3-4 indicates the 

specifications of the uncoated tungsten carbide end mill. 

 
Figure 3-1: 10 mm diameter uncoated tungsten carbide end mill. 
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Figure 3-2: (a) Top and (b) Side view of the 10 mm uncoated tungsten carbide end mill.  

Table 3-4: Specification of 40557 tungsten carbide end mill by SGS tool [128]. 

Parameter Value 

End Mill material Tungsten Carbide 

Carbide (WC) and Cobalt (Co) content 90 and 10 % 

Tungsten carbide grain size  0.8 µm 

Helix, relief and clearance angle  30°, 10° and 17°  

Overall length 75 mm 

3.2.2 Polycrystalline diamond (PCD) end mill 

Study 2 was conducted by employing the polycrystalline diamond (PCD) end mill as a 

cutting tool for both conventional and ultrasonic assisted milling. Figure 3-3 shows the 

Exactaform 10 mm diameter of PCD end mill, tool code ETS15080-212 manufactured 

by Exactaform UK and was supplied by BAE Systems. This end mill has been specifically 

empoyed in BAE Systems for finishing operation of CFRP. The end mill has three 

straight flutes, a cutting length of 24 mm and an overall length of 76 mm. Figures 3-4 (a) 

and (b) show the top and side view of the PCD end mill employed for finishing operation 

of CFRP. Table 3-5 details the specification of the end mill. 

 

Figure 3-3: 10 mm diameter of PCD end mill. 
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Figure 3-4: (a) Top and (b) side view of the 10 mm PCD end mill. 

Table 3-5: Specifications of ETS15080-212 PCD end mill manufactured by 
Exactaform UK. 

Parameter Value 

Insert material Polycrystalline Diamond 

End mill body material Carbide 

Diamond grade  Sub-micron 

Helix , rake, primary clearance and 

secondary clearance angle  

0°,  0°, 10°, 25° 

3.2.3 Abrasive diamond milling tool 

Figure 3-5 shows the Exactaform 10 mm abrasive diamond tool, tool code 

ETS15116-212 that was employed for both conventional (CM) and ultrasonic assisted 

machining (UAM) in Study 4. BAE System supplied the cutting tools. BAE System carried 

out the roughing of CFRP by using the abrasive diamond tool. Diamond grit with an 

average size of 420 µm is nickel electroplated on the body of the cutting tool. Figure 3-6 

shows the top and side view of the cutting tool. The cutting tool specification was 

summarised in Table 3-6.  

 

Figure 3-5: 10 mm diameter of the super abrasive diamond tool with 420 µm grit size 
of the diamond. 
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Figure 3-6: Top and side view of the 10 mm diameter of the abrasive diamond tool.  

Table 3-6: Specifications of the ETS15116-212 abrasive diamond tool. 

Parameter  Value 

End Mill material Carbide 

Coating Diamond 

Diameter, D 10 mm 

Diamond grit size 420 µm 

3.3 Experimental equipment and methodology 

3.3.1 Machine tool 

The experimental work was carried out using an ultrasonic 65 DMU manufactured by 

DMG as shown in Figure 3-7 (a). The 5-axis machine tool has a maximum spindle speed 

of 18000 rpm and feed rate of 40000 mm/min. The maximum work area that the machine 

tool can accommodate is 650 x 650 x 560 mm in x, y, and z-direction, respectively. The 

ultrasonic assisted working mechanism is explained in detail in Section 2.5. Figure 3-7 (b) 

shows the ultrasonic actuator that was employed in this study.  The value of the frequency 

is displayed on the machine controller whilst the value of the actual peak-to-peak 

amplitude have to be measured. Therefore, Section 3.3.4.1 explained the method to 

measure the ultrasonic amplitude prior machining. The direction of the ultrasonic 

amplitude was in the z-direction, which is perpendicular to the feed direction during 

milling.  
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Figure 3-7: (a) Ultrasonic 65 DMU (image not in scale) and (b) 10 mm cutting tool 

attached to the ultrasonic actuator. 

3.3.2 CO2 cryogenic application 

Some of the works in Study 1(a) were carried out employing CO2 cryogenic cutting 

medium. The CO2 was supplied from outside the machine tool using a Cool Clean 

Technologies ChilAire™ Lite CO2 cooling system. The main components of the CO2 

ChilAire™ Lite system are; CO2 liquid supply, compressed clean air supply, coaxial 

coolant spray hose, and the applicator nozzle. Figure 3-8 shows the schematic of the CO2 

cryogenic cooling system. During machining, the applicator nozzle sprayed the CO2 ice 

crystals to cool the cutting tool. CO2 liquid and compressed air are fed into the ChilAire™ 

Lite main system. The CO2 liquid was supplied via a standard CO2 liquid cylinder, and 

the clean air dry was supplied via available compressed air system in machine shop WMG. 

The CO2 liquid and compressed air that were combined in the main ChilAire™ Lite 

system and transferred to the applicator nozzle. The pressure of the CO2 ice crystal can 

be controlled by increasing the pressure of the CO2 liquid and the compressed clean air.  
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Figure 3-8: Schematic of working mechanism of CO2 cryogenic cooling. 

3.3.3  Cutting fluid application  

For conventional cutting fluid media, the cutting fluid was supplied through the nozzles 

inside the machine tool. The cutting fluid employed throughout this study was Blasocut 

BC 25 MD cutting fluid and was manufactured by Blaser Swisslube. The cutting fluid 

contains 62 % of mineral oil and 3 % of water before diluting with water prior to 

machining. Mini jet mix emulsion mixer was used to mix the cutting fluid with the water 

and refractometer was employed to measure the concentration of the mixture that is in 

between 6 to 9 % (i.e.: 6 % of cutting fluid and 94 % of water). 

3.3.4 Analysis equipment and procedure 

3.3.4.1 Ultrasonic amplitude 

Equipment 

The Ultrasonic 65 machine tool provides the value of frequency and the percentage of 

the ultrasonic amplitude before the machining was performed. Therefore, to determine 

the actual peak-to-peak of ultrasonic amplitude a Keyence LK-H008 laser measurement 

sensor was employed. This device can produce 0.005 µm repeatability and 0.05 % 

accuracy of measurement. The laser device was connected to a LK-G5001 controller, 
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power supply, and a personal computer that was installed with a LK-Navigator 2 software 

as shown in Figure 3-9. 

 

Figure 3-9: (a) Keyence LK-H008 and (b) Keyence LK G5001 controller and (c) 
power supply for the ultrasonic amplitude measurement.  

 

Method 

The ultrasonic amplitude was measured prior to UAM testing. The Keyence laser was 

mounted on the machine bed using a fixture, and the cutting tool was located in the 

middle of the laser sensor. The LK-Navigator 2 software received the signal detected by 

the laser, and the amplitude was measured three times to ensure the repeatability. To 

measure the ultrasonic amplitude using this device, it is necessary to find a flat surface on 

the cutting tool to make sure that the laser reflected the device during measurement.  

Therefore, to ease the amplitude measurement, a 10 mm x 10 mm of an aluminium strip 

was glued on the top side of the tungsten carbide end mill (Study 1(a)), Figure 3-10. Work 

carried out by David Ray (WMG intern) indicates that the effectiveness of this method 

reduce over time. This can be explained by the glue starting to melt because the heat 

produced by the ultrasonic vibration on the cutting tool (Appendix A). Therefore, for 

PCD (Study 2) and abrasive diamond tool (Study 3), the amplitude measurement was 
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carried out by pointing the laser into a flat surface on the cutting tool. Figure 3-11 (a) 

shows the ultrasonic amplitude measurement before and after the ultrasonic amplitude is 

turned on. The ‘ultrasonic off’ in Figure 3-11 (a) indicates the natural frequency of the 

machine tool. Figure 3-11 (b) shows the peak-to-peak amplitude of the cutting tool 

vibration with the average value of 5 µm when the ultrasonic amplitude is 60 %, and 

38000 Hz frequency was applied. 

 

 

Figure 3-10: Method for ultrasonic amplitude measurement using the Keyence model 
LK-H008. 
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Figure 3-11: Graph showing (a) ultrasonic amplitude measured by Keyence LK-H008 

before and after amplitude is turn on and (b) zoom in the image of 
ultrasonic amplitude indicates that the peak-to-peak amplitude was 
approximately 5 µm. 

3.3.4.2 Cutting forces 

Equipment 

Measuring the cutting force during machining is important to monitor the progression of 

tool wear, the quality of the machined part, and the machinability of the material. The 

cutting force during milling was measured using a Kistler 9257B multi-component 

piezoelectric dynamometer as in Figure 3-12. The dynamometer was firmly mounted on 

the machine bed, and a fixture was attached to the dynamometer to secure the 

workpieces. During machining, the cutting forces measured by the dynamometer with a 

sampling rate of 40000 Hz were transformed from the electrical charges to a voltage by 

the Kistler multi-channel charge amplifier (Type 5070). Then, the amplified voltage was 

processed by the Kistler data acquisition (Type 5697 A) connected to a personal computer 
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running the Dynoware software. The sensitivity of the multi-channel charge amplifier 

(Type 5070) was set according to the Kistler’s recommendation. The dynamometer was 

calibrated using known a load (1, 2 and 3 kg) prior to machining to ensure the accuracy 

of the measurement. Figure 3-13 shows the typical cutting forces recorded during milling. 

Cutting forces were recorded in the x-direction (Fx = feed force), y-direction (Fy = 

normal force) and z-direction (Fz= thrust force). The thrust force (Fz) is not considered 

in this study as the value recorded for the thrust force was significantly low, in the range 

between 0 to 5 N. The natural frequency of the dynamometer was 3 kHz.  The Kistler 

dynamometer calibration certificate was attached in Appendix B. 
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Figure 3-12: (a) Set up of Kistler Dynamometer and (b) charge amplifier and data 
acquisition for cutting force measurement. 

 

Figure 3-13: Typical cutting force data measured for milling operation indicated that 
the cutting force in z-direction has an average of 0 to 5 N. 
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3.3.4.3 Tool wear 

Equipment 

The progression of tool wear was observed using a Nikon microscope model SMZ 74 

ST, Figure 3-14. The microscope is equipped with the ZEISS Axiocam ERc 5s camera. 

The camera was connected to the personal computer running the ZEN image capture 

and analysis software. The system was calibrated using a standard microscope eyepiece 

graticule before tool wear measurement were conducted. 

 

Figure 3-14: Nikon SMZ 74 ST microscope equipped with Zeiss Axiocam camera set 
up for tool wear analysis. 

Method 

The progression of tool wear for PCD and tungsten carbide end mill was measured by 

monitoring the flank wear at the clearance face of the cutting tool. The measurement of 

the flank wear (Vb) was based on ISO 8688 [174]. Figures 3-15 and 3-16 show the method 

of measuring the flank wear of the tungsten carbide and PCD end mill, respectively. 

Maximum flank wear recommended by the SGS tool for the tungsten carbide end mill 

was maximum Vb= 300 µm and maximum flank wear recommended by BAE system for 

the PCD end mill tool was maximum Vb =110 µm [175].  
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The average of the maximum flank wear for both end mill was considered as in 

equation (3.1) for evaluation:  

Flank wear = Maximum of [(A0–A3000), [(B0 –B3000), [(C0 –C3000)]………… (3.1) 

 

Figure 3-15: Measurement of flank wear for tungsten carbide end mill; (a) new 
cutting edge and (b) worn out cutting edge after milling CFRP; A3000, 
B3000 and C3000 indicates 3000 mm machining length.  

 

Figure 3-16: Measurement of flank wear for PCD end mill; (a) new cutting edge 
and (b) worn out cutting edge after milling CFRP; A6, B6 and C6 
indicates 6 m machining length.  

Due to the complexity of the abrasive diamond tool geometry, that has a scattered 

diamond grit on the tool body, the progression of the tool diameter for the abrasive 

diamond tool was monitored by slotting the graphite plate as shown in Figure 3-17. 

Progression of tool wear for the abrasive diamond tool (Section 3.2.3) was measured by 

monitoring the diameter of the tool after every 1 m machining length. It has been 

suggested that increasing or decreasing of the cutting tool diameter can be observed by 

measuring the width of the slotted graphite plate [113, 114, 143]. The slotting of graphite 
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plate was carried out at every 1 m machining length with cutting speed of 50 m/min and 

feed rate of 1 mm/min. Minimum cutting parameters and 2 mm thickness of graphite 

plate was chosen to avoid the slotting method giving any effect to the cutting tool. The 

reduction of the tool diameter was measured based on the slotting width on the graphite 

plate. The width of the slotted area on the graphite plate was measured at 2, 4, and 6 mm 

height from the bottom surface of the slot area.  

 

Figure 3-17: Slotting of graphite plate for tool diameter measurement for abrasive 
diamond tool. 

3.3.4.4 Cutting temperature  

Equipment 

As discussed in Section 2.1, machining of CFRP must be carried out below the glass 

transition temperature (Tg) of the matrix resin. Therefore, monitoring the cutting 

temperature while machining is critical to avoid thermal damages that can affect the 

quality of the machined part. The cutting temperature was measured using the FLIR T250 

thermal camera during machining as shown in Figure 3-18. The feature of the thermal 

camera is that it can create a visual and infrared non-radiometric of MPEG-4 videos file. 

A 3.1 Mpixel digital camera can produce a clear view of the thermal distribution when 

machining is performed. Thermal sensitivity of the thermal camera was 0.08 °C at 30 °C 

and a spectral range of 7.5 to 13 µm [176].  The accuracy of the measurement is 2 % from 

the reading. To obtain an accurate measurement from the thermal camera, the boiling 
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water temperature (100 °C) was measured by the thermal camera to ensure that the value 

was right.  

 
Figure 3-18: FLIR thermal camera model T250 [176]. 

3.3.4.5 Tool-CO2 nozzle distance  

Equipment 

When applying CO2, it was necessary to measure the optimum distance between the 

nozzle and cutting tool. This measurement is required to provide the effectiveness of 

cooling during machining. K-type thermocouple from Picotech was utilised to measure 

the CO2 temperature. The K-type thermocouple can measure the temperature in a range 

of -75 to 250 °C and has an accuracy of 2 % as shown in Figure 3-19. The K-type 

thermocouple was connected to the Picotech thermocouple data logger model TC-08. 

The thermocouple data logger was connected to the PC with Picolog software for 

analysis. The thermocouple data logger has a temperature accuracy reading of 0.2 % and 

±0.5 °C. The distance between the CO2 nozzle applicator and the cutting tool was 

measured using the Mitutoyo Vernier calliper. 
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Figure 3-19: Picotech thermocouple data logger model TC-08 and 
K-type thermocouple. 

Method 

Figure 3-20 shows the set up for measuring the temperature of CO2 that comes out from 

the nozzle. The temperature of CO2 was measured in between 0 to 25 mm distance from 

the cutting tool and a temperature over distance. The CO2 manufacturer also suggested 

that the nozzle should be pointed between 15 ° to 60 ° towards the cutting tool to 

produce an optimum cooling outcome at the cutting tool [177].  

 
Figure 3-20: Temperature measurement for determining the relationship between the 

nozzle distance and the temperature of the CO2 cryogenic from the 
applicator nozzle. 
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3.3.5 Post machining analysis equipment and procedure 

3.3.5.1 Surface roughness and cutting tool condition 

Equipment 

Figure 3-21 shows the Alicona InfiniteFocus that can measure the surface roughness and 

3D micro coordinate measurement. The Alicona InfiniteFocus offers a non-contact 

measurement that could give several benefits to the measurement of the machined surface 

where the non-contact/optical measurement does not alter the surface, and it has the 

fastest measurement than the Talysurf. Alicona InfiniteFocus is capable of measuring 

with 2.5 X to 100 X magnification with the vertical resolution of 10 nm. The accuracy 

capable by this equipment is 0.05 % [178]. 

 

  Figure 3-21: Alicona InfiniteFocus. 

Methods 

All surface roughness of the machined surface was measured at 10 X magnification with 

a vertical resolution of 100 nm. As recommended in the literature, the surface roughness, 

Ra was employed to measure the roughness of the milled surface under different 

machining parameters. The measurement was set at 4 mm transverse length and 0.8 mm 



Chapter 3: Experimental Work 

91 

cut-off value. The sample was cut into 10 x 10 x 45 mm dimension and was cleaned using 

the ultrasonic bath with acetone to remove debris on the machined surface before the 

measurement was performed. The analysis was repeated three times at each point to 

ensure repeatability, and an average was calculated afterwards.  

In addition to surface roughness, the tool condition for the abrasive diamond tool was 

measured using the Alicona InfiniteFocus. The topography of the cutting tool was 

scanned with the 5 X magnification with a vertical resolution of 100 nm as shown in 

Figure 3-22 (a). Figure 3-22 (b) shows the 2D image analysis where the area of the cutting 

tool covered by the matrix resin and carbon fibre was measured. The area of the cutting 

tool covered by the matrix resin was measured after the milling test was carried out. 

 

 

Figure 3-22: (a) Scanned image of the abrasive diamond tool and (b) image processing 
to measure the area of the cutting tool that covered by the matrix resin 
and broken fibre. 

a) 

b) 
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3.3.5.2 Scanning electron microscopy (SEM) micrograph 

Equipment 

Additional information on surface integrity and cutting tool condition were obtained 

using the ZEISS Sigma scanning electron microscope (SEM) as shown in Figure 3-23.  

SEM can attain higher magnification images which could not be achieved by the optical 

microscope and it could could magnify the image from 10 X to 100000 X magnification. 

This equipment is also equipped with the Energy Dispersive Spectroscopy (EDS) to 

identify the sample elements and their compositions.  

 

Figure 3-23: Zeiss Sigma scanning electron microscope. 

Method  

The machined surface was cut into a section of 10 x 10 x 10 mm and was cleaned using 

the acetone bath. The samples were dried before being coated with gold on the surface. 

The machined CFRP surface sample needs to be coated with gold since CFRP does not 

have an excellent conductivity for voltage to charge the sample. For the cutting tool 

examination, the cutting tool was cleaned prior to the SEM analysis where it was secured 

on the tool holder that can be fixed in the SEM working table inside the chamber. 
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3.3.5.3 Sample preparation for thermal analysis 

To investigate the effect of machining environment on the machined CFRP surface, the 

machined surface needs to be transformed into powder. The sample tested by 

thermogravimetric (TGA), differential scanning (DSC) and Fourier transform Infrared 

(FTIR) was prepared by transforming the machined CFRP surface to a powder form. 

Therefore, the sharp scalpel was used to ensure that the shaving method does not affect 

the material. The thickness of the sample was measured before and after the shaving 

processes using vernier callipers. An average of 400 to 500 µm thickness and 150 mm 

length machined surface of CFRP was shaved from the machined surface, Figure 3-24. 

 
Figure 3-24: Transformation of the machined CFRP surface into CFRP powder for 

thermal analysis test. 

3.3.5.4 Thermogravimetric analysis (TGA) 

Equipment   

Thermogravimetric analysis (TGA) is usually utilised for the thermal analysis of polymeric 

materials, such as thermoplastic and thermoset. Materials characterisation from TGA can 

provide chemical and physical properties information of the test sample. Information 

such as decomposition, vaporization, oxidation, dehydration and reaction process of test 

sample can be obtained from TGA [179]. The basic principle of TGA is monitoring the 

weight loss or gain of test sample over temperature (heated, cooled, or isothermal) with 

a constant heating rate and the stepwise changes in mass indicate that the 

chemical/physical changes of the materials over temperature. Therefore, TGA of the 

pure (unmachined) CFRP was conducted before performing the thermal analysis of the 

150 mm 
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CFRP using the differential scanning (DSC) analysis to indicate the starting 

decomposition temperature of the resin. In this study, Mettler Toledo supplied the TGA 

equipment as shown in Figure 3-25. The equipment is capable of measuring the sample 

at a temperature ranging from room temperature up to 1100 °C with an accuracy of ±1 °C 

[180] and a heating rate of 0.02 to 250 °C/min. 

 

Figure 3-25: TGA by Mettler Toledo [179]. 

Method 

Before the material characterisation was performed in TGA, the sample needs to be 

prepared and measured. The sample preparation was discussed in Section 3.3.5.3. An 

alumina crucible was chosen in this test because it can withstand a temperature up to 

1000 °C, Figure 3-26. The sample was measured approximately 6 mg before the test was 

carried out and the crucible with a sample is then located inside the test furnace. The 

sample decomposition property was evaluated from 25 to 600 °C with a constant heating 

rate of 10 °C/min and the nitrogen gas was supplied to the furnace at a constant rate of 

150 mL/min. The result from the TGA was analysed using the STAR-e software 

provided by Mettler Toledo and plotted using the Origin software. The derivative of the 

weight loss curve indicates the temperature that the sample starts to decompose, and the 

decomposition temperature is the maximum testing temperature that can be used in the 

DSC analysis.  
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Figure 3-26: Alumina crucible that capable to withstand temperature up to 1000  °C that 
was used in TGA analysis.  

3.3.5.5 Differential Scanning Calorimetry (DSC) 

Equipment 

To investigate the effect of the machining environment on the machined surface, it is 

important to monitor the glass transition temperature (Tg) of the matrix resin. Therefore, 

Differential Scanning Calorimetry (DSC) as shown in Figure 3-27 was employed to 

measure the glass transition temperature in this research. Much information can be 

obtained from the DSC analysis such as specific heat capacity, enthalpy change, solid-

solid transition, melting point, crystallinity, and glass transition temperature (Tg). The 

fundamental principle of DSC is heat flow changes between the reference and the sample 

when heated or cooled with a constant heating rate. The details on the DSC working 

mechanism have been explained in Section 2.6.2. The DSC is capable of testing the 

material at a temperature from -150 to 700 °C with a constant heating rate in the range 

of 0.02 to 300 °C/min depending on the test material [181]. The temperature accuracy 

and precision offered by this equipment was ±0.2 °C and ±0.02 °C, respectively [181]. 
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Figure 3-27: DSC1 by Mettler Toledo. 

Method 

The weight of the test sample and reference sample (empty crucible) were measured 

before the DSC analysis was performed. The weight of the test sample was approximately  

6 mg. Aluminium crucible was chosen in this test due to the test temperature does not 

exceed 600 °C, Figure 3-28. After the weighted sample have been placed inside the 

crucible, the crucible needs to seal with the cap using a crimper. To avoid the sample 

bursting out from the sealed crucible during heating, it is important to make a hole on 

the crucible cap after sealing the crucible, Figure 3-28 (b). The sample was heated from 

25 to 350 °C with a constant heating rate of 10 °C/min, and the nitrogen gas was supplied 

to the furnace at a constant rate of 150 mL/min. The results obtained from DSC was 

analysed using the STAR-e software provided by Mettler-Toledo and plotted using the 

Origin software. 

 

Figure 3-28:  (a) Crucible cap and pan and (b) sealed crucible with a hole made on the cap. 
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3.3.5.6 Fourier Transform Infrared spectroscopy (FTIR) 

Equipment 

The changes in the glass transition temperature (Tg) are related to the changes of the 

chemical property of the matrix resin. Therefore, Fourier Transforms Infrared 

spectroscopy (FTIR) was employed to detect the changes on the chemical property of 

the matrix resin after machining. FTIR is an analytical technique to determine the 

chemical composition of the organic and polymeric materials. FTIR is capable of 

determining the functional groups, bonding type and materials compound. Therefore, the 

effect of machining environment on the chemical property changes of the matrix resin 

was determined by FTIR. The working mechanism is discussed in Section 2.6.3. The 

FTIR equipment employed in this study was Tensor 27 (Figure 3-29) that was supplied 

by Bruker, and it can scan the sample from 400 to 7000 cm-1 with a standard KBr beam 

splitter. 

 

Figure 3-29: Fourier transforms infrared (FTIR) spectroscopy model Tensor 27 
by Bruker. 

Method 

The machined surface sample used in this test was prepared as explained in Section 3.3.5.3 

and only a small amount of test sample range 2 mg needed to perform this test. The FTIR 

scans collected the wavenumber ranging from 700 to 4000 cm-1. The resolution employed 

was 4 cm-1 and a scan time was 32 seconds. Before scanning of the test sample, the 
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background scanning was carried out to detect any molecule such as water that was 

present in the test chamber and the background scanning spectrum was then subtracted 

from the sample spectrum to ensure the accuracy of the scanning. To ensure the 

repeatability of the data produce by FTIR, it is important to run the test several times. 

Five samples were taken randomly from the machined surface (for each machining 

length), and for each sample, the scanning was repeated three times. The data were 

normalised by dividing the data with the maximum peak value obtained from scanning to 

ensure that the peak was comparable. The data was analysed using OPUS software, 

provided by Bruker, and plotted using the MagicplotTM software. 

3.4 Experimental studies 

3.4.1 Study 1(a): Machinability of CFRP in dry, 
conventional cutting fluid and CO2 cryogenic 
machining environment. 

Study 1(a) was aimed to investigate the effect of the machining environment in terms of 

tool wear, cutting forces, and surface roughness. In this study, three different machining 

conditions, which are dry, conventional cutting fluid (CCF), CO2 cryogenic (CO2) were 

investigated, and the uncoated tungsten carbide end mill was employed (Section 3.2.1). 

All machining environments were tested with conventional (CM) and ultrasonic assisted 

milling (UAM). The CFRP strip (45 mm x 10 mm) was mounted on the dynamometer 

for the force measurement and the CFRP panel (300 mm x 10 mm) was fixed on the 

fixture for the tool wear progression. Tool wear was monitored and the machined surface 

for roughness analysis was cut at every 600 mm machining length. Figure 3-30 shows the 

experimental set up of the test. The FLIR thermal camera was located at 30 cm distance 

from the CFRP panel for the temperature measurement. For CO2 cutting media, the CO2 

was supplied from outside the machine tool. The constant CO2 pressure of 6.2 MPa and 
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compressed air pressure of 0.5 MPa were applied to obtain a consistent supply of CO2 

ice crystal with a rate of 6 kg/hour. The detail of the set up was explained in Section 3.3.2. 

For CCF condition, the cutting fluid was supplied through the nozzles inside the machine 

tool. The ultrasonic amplitude was measured before the milling test was performed and 

the procedure for the amplitude measurement has been discussed in Section 3.3.4.1. 

Table 3-7 shows the cutting parameters employed in this test. 

 

Figure 3-30: Experimental set-up when milling CFRP labelled (a) indicates the CO2 

cryogenic nozzle and (b) indicates the CCF nozzle. 

Table 3-7: Machining parameter for Study 1(a). 

Parameter Value 

Cutting tool  10 mm diameter uncoated 
tungsten carbide 

CFRP thickness 10 mm 

Cutting speed, V 500 m/min 

Feed rate, f 800 mm/min 

 Radial depth of cut, a 1 mm 

Ultrasonic-assisted 
Frequency, f 38000 Hz 

Amplitude, A ≈ 5 µm peak-to-peak 

Machining environments  

Dry 

CCF 

CO2  
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3.4.2 Study 1(b): Post machining analysis to understand 
the effect of machining environment on the 
machined CFRP surface 

The objective of this study was to investigate the effect of machining environment 

(Study 1(a)) on the chemical properties of the machined CFRP surface. As mentioned 

earlier, the cutting temperature in machining polymeric materials was limited to the glass 

transition temperature (Tg). Therefore, it is necessary to study the effect of the machining 

environment on the machined surface that can affect the degradation of the property of 

the CFRP. The effect of the machining environment on the Tg was studied using the 

DSC. The sample was taken from 1, 2, and 3 m machining length machined surface from 

Study 1(a), and the sample preparation was explained in Section 3.3.5.3. Five different 

samples were randomly taken from each machining length for the analysis. The detail of 

DSC analysis procedure was explained in Section 3.3.5.5. 

In addition to the DSC analysis, to investigate the effect of machining environment on 

the chemical properties of the machined CFRP surface was carried out using FTIR. The 

machined surface sample was taken from 1, 2, and 3 m machining length of the machined 

CFRP surface. Five different samples were randomly taken from each machining length 

for the analysis. The scanning procedure was repeated five times for each sample, and the 

procedure of the measurement was explained in Section 3.3.5.6.
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3.4.3 Study 2: Machinability of CFRP using the PCD end 
mill 

In this study, the aim was to investigate the effect of UAM over CM with respect to tool 

wear, cutting forces, and surface quality. This test also aimed to investigate the effect of 

the tool type on the effectiveness of UAM over CM. The equipment set up and CFRP 

workpiece dimension for this study is similar to Study 1(a) as shown in Section 3.4.1. The 

cutting tool employed in this study was PCD end mill (Section 3.2.2). The CFRP 

employed in this milling test was 5 mm thick due to the limited supply of the 10 mm thick 

CFRP. The cutting parameters used in this test were recommended by BAE Systems and 

both CM and UAM employed the same cutting parameters, and all machining test was 

carried out in dry condition. Table 3-8 shows the cutting parameters employed in this 

test. The ultrasonic amplitude was measured before the milling test was performed and 

the procedure for the amplitude measurement has been discussed in Section 3.3.4.1 

Table 3-8: Machining parameter for Study 2. 

Parameter Value 

Cutting tool  PCD end mill 

Cutting tool diameter 10 mm 

CFRP thickness 5 mm 

Cutting speed 500 m/min 

Feed rate 800 mm/min 

Depth of cut 1 mm 

Ultrasonic-assisted 
Frequency 38000 Hz 

Amplitude ≈ 5µm peak-to-peak 

 

3.4.4 Study 3: Machinability of CFRP using the abrasive 
diamond milling tool 

Figure 3-31 shows the set-up for the milling test employing the abrasive diamond tool. 

This study aims to investigate the effectiveness of the ultrasonic assisted machining in 
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terms of tool wear, cutting forces, and surface roughness. It has been previously observed 

that the main problem when machining with the abrasive diamond tool after a certain 

machining length, the resin started to build-up on the cutting tool [175]. The workpieces 

configuration for tool wear and cutting force was similar to Study 1(a) (Section 3.4.1). In 

this test, the reduction of the abrasive diamond tool was measured using the graphite 

plaque. The width of the slotted graphite was assumed to have a similar diameter with the 

cutting tool. The cutting tool diameter was measured at every one-metre machining 

length. This method has been explained in Section 3.3.4.3. The cutting parameters 

employed were recommended by BAE Systems, and both CM and UAM employed the 

same cutting parameters. The ultrasonic amplitude was measured before the milling test 

was performed and the procedure for the amplitude measurement has been discussed in 

Section 3.3.4.1. All tests were carried out in a dry condition. The parameters that were 

employed in this study was tabulated in Table 3.9.  

 

Figure 3-31: Experimental set-ups for milling of CFRP employing the abrasive 
diamond tool. 
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Table 3-9: Machining parameter for Study 3. 

Parameter Value 

Cutting tool  10 mm abrasive diamond tool 

Workpiece thickness 10 mm 

Cutting speed 565 m/min 

Feed rate 1500 mm/min 

Depth of cut 1 mm 

Ultrasonic-assisted 
Frequency 38000 Hz 

Amplitude ≈ 5 µm peak-to-peak 
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Chapter 4 Results and Analysis 

4.1 Study 1(a): Machinability of CFRP in dry, 
conventional cutting fluid and CO2 cryogenic 
machining environments 

This study examined the effects of cutting environments, which were dry, conventional 

cutting fluid (CCF), and CO2 on the machinability of CFRP BMI 5250-4 for the aspects 

of tool wear, cutting forces, and surface roughness. The experimental methodology is 

described in Section 3.4.1. Meanwhile, as for CO2 cutting environment, as mentioned in 

Section 3.3.4.5, it is important to ascertain the occurrence of continuous cooling of 

cutting tool during machining. Besides, the distance between the nozzle and the cutting 

tool was maintained at a maximum of 17 mm distance to obtain a temperature 

below - 60 °C at the cutting tool, as presented in Figure 4-1. 

 
Figure 4-1: Relationship between the distance of cutting tool and CO2 cryogenic 

applicator nozzle with CO2 temperature. 
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4.1.1 Tool wear and cutting temperature 

The progression of flank wear when milling CFRP with uncoated tungsten carbide end 

mill in various machining environments for CM and UAM is shown in Figures 4-2 (a) 

and (b), respectively. An increase in the machining length showed increment in tool wear 

for all machining environments.  

 
Figure 4-2: Progression of tool wear of (a) CM and (b) UAM in dry, CCF and CO2 

cryogenic environments. 

The results plotted in Figures 4-2 (a) and (b) exhibit that the tool wear pattern in all 

machining environments is similar for both CM and UAM. Nevertheless, the tool wear 

measured for UAM was 30 to 40 % higher, as compared to CM, for all machining 
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environments, as tabulated in Table 4-1. This can be attributed to the mechanism of 

UAM, which vibrates, rotates, and moves when machining, while in CM, the tool does 

not vibrate during the machining. Hence, the motions of cutting tools generate more 

interaction between the cutting tool and the CFRP workpiece, which deteriorates the 

cutting tool [8]. Further elaboration on the effect of ultrasonic vibration that is 

perpendicular to the feed direction is given in Study 2 (Section 4.3). 

Table 4-1: Comparison of maximum flank wear between CM and UAM at the end of 
the milling test (after 3000 mm machining length) a) CO 2 b)CCF and c) 
dry machining environment.  

Machining 
environments 

Maximum flank 
wear for CM 

(µm) 

Maximum flank 
wear for UAM 

(µm) 

Percentage  
different  when 

comparing between 
UAM-CM 

a) CO2 200 280 40 % 

b) CCF 235 316 35 % 

c) Dry 279 368 32 % 

 

Figure 4-3 shows the tool wear at 3000 mm for both CM and UAM in CO2, CCF, and 

dry machining environments. It is suggested that the tool wear for UAM is higher 

than CM for all machining environments. As a result, the highest tool wear was 

observed when CFRP was milled in a dry environment for CM and UAM after 3000 

mm machining length, when compared to both CCF and CO2 environments. Milling of 

CFRP with the presence of CO2 resulted in the lowest tool wear of over 3000 mm 

machining length, when compared to dry and CCF environments for both CM and UAM. 

CM and UAM in a dry environment resulted in 279 and 368 µm flank wear after 3000 mm 

machining length, respectively. Meanwhile, as for CCF, the tool wear measured for CM 

was 235 µm and 316 µm for UAM. Lower tool wear was recorded in CO2 environment, 

where the flank wear for CM was 200 µm, and 280 µm for UAM at the end of the test. 
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Table 4-2 summarises the progression of tool wear for both CM and UAM in CO2, CCF, 

and dry environments at 500 mm and 3000 mm machining length.  

Table 4-2: Tool wear for CM and UAM at 500 and 3000 mm machining length. 

Process 

 Flank wear (Vb), µm 

Condition  
CO2 CCF Dry 

Length, mm 

CM 
500 48  63  92  
3000 200  235  279  

UAM 
500 77  97  118  
3000 280  316  368  

 

 
Figure 4-3: Comparison of flank wear,Vb at 3000 mm for CM and UAM in different 

cutting conditions. 

In order to gain better understanding pertaining to the effects of cutting environment 

with the progression of tool wear, the cutting temperature during milling was recorded 

by the FLIR thermal camera. Figure 4-4 shows the cutting temperatures for CM and 

UAM in dry and CO2 environments. Figure 4-5 shows the infrared (IR) measurement of 

cutting temperature recorded by the FLIR thermal camera for UAM in a dry environment 

at 3000 mm machining length. The cutting temperatures recorded for both CM and UAM 

in dry and CO2 environments indicate similar trend regardless of the process. The cutting 

temperature obtained by CO2 machining was 30 to 50 % lower than the dry machining in 

both CM and UAM. At 3000 mm machining length, the cutting temperature measured 

for CO2 was 115 °C for CM and 140 °C for UAM. On the other hand, as for the dry 
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machining, the cutting temperatures measured for CM and UAM had been in the range 

of 170 to 200 °C. The increment in cutting temperature upon increased machining length 

can be explained by the progression of tool wear, as shown in Figures 4-2 (a) and (b). 

Nevertheless, only 10 to 15 % of variance between the cutting temperatures had been 

recorded for CM and UAM. This finding contradicts several researches, in which they 

claimed that the implementation of UAM reduces cutting temperature due to the 

periodical separation between the cutting tool and the workpieces [157, 182-184].  

 
Figure 4-4: Cutting temperature for CM and UAM in dry and CO2 environment 

recorded by FLIR thermal camera. 

 

Figure 4-5: Infrared measurement of cutting temperature indicates that the 
maximum and minimum temperature for UAM in dry environment  
at 3000 mm. 
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As for machining in dry environments, the condition of the cutting tool deteriorated due 

to the heat generated during the cutting process. When milling with CCF, the cutting 

temperature recorded by the FLIR thermal camera was within the range of 27 to 32 °C. 

This finding is similar to that retrieved by Dahnel et al. [120] when measuring the cutting 

temperature during milling of CFRP. During CCF, continuous cooling of the cutting tool 

and the CFRP workpiece retained the strength of the CFRP. Thus, higher tool wear was 

observed for both CM and UAM in CCF, when compared to CO2. Machining of CFRP 

with the presence of CO2 improved the progression of tool wear by 28 % and 23 % for 

CM and UAM, respectively, in comparison to dry and CCF machining environments. The 

presence of CO2 improved the tool wear due to the continuous cooling effect on the 

cutting tool, which assisted in removing the heat generated by the cutting tool and in 

reducing the temperature of the cutting tool [18, 78, 86].  

However, in contrast with Budwannachai et al. [97] and Barnes et al. [90], the tool wear 

for cryogenic drilling was higher, in comparison to the dry drilling of CFRP. This could 

be attributed to the method employed by the cryogenic cooling during the drilling, where 

the cutting tool is not continuously cooled, which resulted in higher tool wear. 

Nonetheless, in this present study, the cutting tool was continuously cooled by CO2, 

where the temperature of the CO2 emitted from the applicator nozzle was maintained 

at -60 °C. As mentioned earlier, the distance between the cutting tool and the CO2 

applicator nozzle was kept at a distance less than 17 mm (Figure 4-1) to ascertain that the 

temperature at the cutting tool was always below -60 °C. As a result, by maintaining the 

temperature of CO2 emitted from the nozzle, the continuous cooling of the cutting tool 

during milling improved the tool wear when milling with the presence of CO2. 

Although CO2 was supplied directly to the cutting tool when machining was performed, 

it is proposed that the heat generated by the cutting tool and the workpiece softened the 
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workpiece materials. The heat generated by the cutting tool was removed, but 

concurrently, the strength of the workpieces reduced. As a result, the reduction in material 

strength and the removal of heat by CO2 aided in improving the tool wear in the CO2 

environment. Another possible explanation for the enhanced tool wear in CO2 

environment when machining CFRP is due to the high pressure of the CO2 coolant 

emitted from the nozzle. The high pressure of the CO2 removed broken fibre, and at the 

same time, reduced the abrasion between the cutting tool and the workpiece. Therefore, 

this present study shows that the implementation of CO2 cryogenic coolant directly to 

the cutting tool can improve the tool wear when machining CFRP, in comparison to both 

dry and CCF conditions. 

Figures 4-6 to 4-8 show the SEM micrographs of tool wear for the dry, CCF and CO2 

environments in CM and UAM after 3000 mm machining length, respectively. The 

images taken in SEM indicate that the cutting tool experienced the same wear mechanism 

regardless of the process and machining environments. 
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Figure 4-6: SEM micrographs of tungsten carbide end mill for (a) CM and 
(b) UAM in dry environment after 3000 mm machining length. 
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Figure 4-7: SEM micrographs of tungsten carbide end mill for (a) CM and 

(b) UAM in CCF environment after 3000 mm machining length. 
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Figure 4-8: SEM micrographs of tungsten carbide end mill for (a) CM and (b) 
UAM in CO2 environment after 3000 mm machining length. 
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When milling CFRP, the dominant tool wear mechanism in both CM and UAM with 

different machining environments (dry, CCF, and CO2) was abrasive wear at the cutting 

edge. It was also observed the serrated surface of the cutting edges and the formation of 

scar on the flank surface. Figure 4-9 (a) shows the cutting edge of the carbide end mill 

that was used for UAM in dry environment after 3000 mm machining length. It was 

observed that the tungsten carbide (WC) and the cobalt (Co) binder were removed from 

the tool surface, as shown in Figure 4-9 (b). The wear observed in the carbide cutting tool 

was mainly due to the rubbing mechanism that occurred between the clearance face of 

the cutting tool and the CFRP workpiece [67, 108, 109, 185]. The edges rounding at the 

cutting edge is the dominant effect when machining CFRP with the carbide cutting tool. 

Additionally, the rubbing action between the clearance face and the surfaces of the CFRP 

workpieces resulted in wear on the clearance face of the tool. This argument is supported 

by Figure 4-9 (a) that shows the edge rounding effect of the cutting edges after machining 

the CFRP over 3000 mm length. 

Wear mechanism of the WC-Co end mill is summarised as follows: 

a) The wear is initiated by the removal of Co binder, where the evidence of void 

with a size of less (< 0.8 µm) than the WC particle was found on the tool surface. 

The hardness of Co (HCo = 400-1200 HV) that is lower than the WC (HWC= 

2100 HV) and the carbon fibre (HCF = 800-1000 HV) eases removal during 

machining [52, 80, 108]. 

b) As the cutting progressed, the Co binder with the broken carbon fibre abraded 

the surface of the tool, which resulted in dislodged WC particles. Due to the 

naturally brittle characteristic of the WC particles, cracks and fractures of the WC 

particles were also observed, as shown in Figure 4-9 (b).  
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Figure 4-9: (a)SEM micrographs of worn end mill used for UAM  dry after cutting 
3000 mm of CFRP at cutting speed of  500 m/min and feed rate of 
800 mm/min and (b) high magnification of SEM of ‘b’. 

 

Flank face 
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From Figure 4-10, it was observed that the smooth surface of the cutting edges turn into 

serrated condition when it started to wear out. It was also observed that the wear scar 

(notch) formation on the flank surface of the cutting tool that was used form CM and 

UAM for all cutting environments. It is suggested that the serrated condition of the 

cutting edges and the wear scar on the cutting tool are due to the quasi-isotropic 

orientation of the carbon fibre.  The distance for each scar on the cutting tool had been 

within the range of 450 to 630 µm. However, when comparing the distance between the 

scars on the cutting tool with the fibre orientation, there is no direct correlation between 

them. Although there was a claimed that the wear scar is apparent when machining 0 ° 

fibre orientation (parallel to the cutting direction) because of the compressive strength 

that was generated between the cutting tool and the workpiece materials [7, 137, 186]. 

The fibre tends to fail due to buckling mechanism, while the cutting tool was under a 

higher pressure against the hard fibres due to the feed motion [59, 133], therefore 

producing a wear scar on the cutting tool surface. However, there is no strong evidence 

which fibre orientation that caused the wear scar in this study. 
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Figure 4-10: Cutting tool condition examined using Alicona surface profiler. The 
scanned image of the cutting tool indicated that the cutting edge of the 
cutting tool experienced ‘segregated’ and formation of scar on the 
cutting tool surface. 

Interestingly, the wear scar (notch) appeared more apparent on the cutting tool in the 

CCF condition as the cutting fluid retained the strength of the CFRP. Meanwhile, as for 

dry and CO2 environments, matrix softening induced by the generated heat aided in the 

reduction of the wear scar. In order to reduce the effect of fibre orientation on the scar 

formation, it is recommended to employ a lower cutting speed and the fibre orientation 
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should be less than 90 °. However, in the present study, constant cutting parameters were 

employed, and CFRP was fabricated based on industrial applications.  

4.1.2 Cutting forces 

The effects of different machining environments on the cutting forces for CM and UAM 

are presented in Figures 4-11 and 4-12. The error bars represent both maximum and 

minimum values of the recorded cutting forces. The feed force (Fx) and the normal force 

(Fy) increased as the machining length increased, as a result of the increasing tool wear. 

The cutting forces obtained from CM were higher by 16 to 35 % than the UAM for all 

machining environments. 

 
Figure 4-11: Feed force (Fx) and normal force (Fy) for CM over 3000 mm length. 
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Figure 4-12: Feed force (Fx) and normal force (Fy) for UAM over 3000 mm length. 

Table 4-3: Cutting forces for UAM and CM at 3000 mm machining length. 

 Cutting 
forces 

Dry CCF CO2 

CM 
Fx, N 405 426 324 
Fy, N 391 461 367 

UAM 
Fx, N 301 362 281 
Fy, N 323 434 362 

Table 4-3 tabulates both feed and normal forces for UAM and CM when milling at 

different machining conditions at 3000 mm machining length. The feed forces (Fx) for 

CM and UAM measured for CCF (426 and 362 N) were the highest, followed by dry (405 

and 301 N), and CO2 (324 and 281 N) machining, respectively. Meanwhile, cutting forces 

for UAM were the lowest when compared to CM for all machining environments. 

Although the tool wear recorded in CM were lower when compared with UAM (in 

Section 4.1.1), the cutting forces recorded for UAM were the lowest at all environments, 

in comparison to CM. This reduction of cutting forces in UAM is attributed to the cutting 
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mechanism of UAM. The vibration of the cutting tool in the z-direction that is 

perpendicular to the feed direction generated a hammering effect between the cutting 

tool and the workpiece. The ultrasonic vibration further aided in fracturing of the 

inherently brittle carbon fibre.  

In addition, Figures 4-11 and 4-12 show that the cutting forces measured for dry and CO2 

have minimal variance, but both cutting forces are lower than that of CCF by 10-15 %. 

Although the cutting temperature slightly increased in CO2, this cutting temperature aided 

in softening the matrix resin, hence resulting in lower cutting forces, when compared to 

CCF and dry conditions. As for dry machining, the cutting temperature was higher when 

compared to CO2. Although high tool wear was generated in dry machining, the high 

cutting temperature softened the matrix resin, thus resulted in lower cutting force.  

As for CCF, the continuous cooling of the cutting tool and the workpiece retained the 

strength of CFRP. This resulted in high cutting forces in CCF, when compared to CO2 

and dry machining environments. The effect of temperature on CFRP materials has been 

well discussed in the literature [83, 98, 100]. The tensile strength and the modulus of 

CFRP were found to decrease as the temperature increased. Previous study also reported 

that the residual and the mechanical stress of CFRP reduced as the temperature increased 

[98]. Thus, this explains the cutting forces for CO2, CCF, and dry machining 

environments for both CM and UAM. Regarding machining environments, lower cutting 

forces were recorded with CO2 (324 and 281 N, respectively) because the tool wear for 

CO2 was lower, when compared to both dry and CCF machining.  

Although tool wear condition for the cutting tool used in CCF machining was lower when 

compared with dry machining, the continuous cooling of the CFRP during the machining 

retained the strength of the materials [97, 120], which resulted in high cutting forces for 
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CCF machining. As discussed earlier in Section 4.1.1, the cutting temperature (60-120 °C) 

in CO2 environment was lower, when compared to machining in the dry condition 

(100-200 °C). Nevertheless, the tool wear in dry machining condition was higher, in 

comparison to the CCF machining environment; the heat generation during the dry 

machining softened the matrix material, thus reducing the cutting forces in the dry 

machining. Therefore, high machining temperatures obtained in the dry machining 

softened the material properties and reduced the cutting forces, when compared to CCF 

machining. The strength of CFRP bond was reduced as the temperature increased. As 

mentioned by Katz et al. [30], as the temperature increased from 25 to 250 °C, the 

strength of CFRP reduced by 90 % of its initial strength. This is in agreement with the 

findings reported by Pecat et al. [81], where the workpiece temperature (120 °C) was 

found higher than the Tg (60 °C) of the epoxy, which softened CFRP, thermally degraded 

matrix resin, and caused visible damages on the subsurface up to 500 µm underneath. 

4.1.3 Surface roughness 

The average of the surface roughness, Ra, for CM and UAM in different machining 

conditions (dry, CCF, and CO2 cryogenic) are plotted in Figures 4-13 (a) and (b), 

respectively. The error bars represent both maximum and minimum value of the Ra 

measured. The surface roughness for CM was lower than that for UAM in all machining 

environments. Both CM and UAM demonstrated a similar pattern of surface roughness, 

where the surface roughness increased as the machining length increased. Table 4-4 

presents the Ra for CM and UAM in different cutting environments at 500 and 3000 mm 

machining length.  
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Figure 4-13: Average surface roughness, Ra for (a) CM and (b) UAM over 3000 mm 

length 

Table 4-4: Ra for CM and UAM at 500 and 3000 mm machining length in the 
different cutting environment 

  Ra, µm 

 Environments 

Dry CCF CO2  Cutting 
length, mm 

CM 
540 4.6 2.3 3.5 
3000 15.7 11 13 

UAM 
540 5.2 2.4 4.7 
3000 19 12 17 

When compared in terms of process, Figure 4-14 shows that UAM exhibits higher surface 

roughness, as compared to CM for all machining environments. The average surface 

roughness obtained by UAM was 10 to 30 % higher than CM for all machining 

environments. The increase of surface roughness is associated to the progression of tool 

wear and cutting force during machining. This finding is a reasonable evidence to support 
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the correlation between tool wear, cutting temperature, and cutting forces when milling 

CFRP in different machining environments.  

 
Figure 4-14: Surface roughness of machined CFRP surface at 3000 mm for CM and 

UAM in different cutting environments. 

The surface roughness measured for both CM and UAM in dry environments were 

17-30 % and 11-36 % higher, when compared to CO2 and CCF environments, 

respectively. The CCF machining environment enhanced the surface roughness, when 

compared to both dry and CO2 machining environments. This finding is attributed to the 

progression of tool wear and cutting forces. As discussed in Sections 4.1.1 and 4.1.2, the 

progression of tool wear and cutting forces when milling CFRP depends on the cutting 

environment. The increase in tool wear in dry machining resulted in the increasing cutting 

temperature. As mentioned earlier, the strength of CFRP is reduced as the cutting 

temperature increases. As a result, the dry machined surface is prone to fibre pull out, 

matrix cracking, and matrix smearing. 

As for CCF, the continuous cooling of the cutting tool and workpiece during machining 

resulted in enhanced surface roughness. Taking into consideration the cutting 

temperature in CCF, which is within the range of 25 to 35 °C, the matrix resin strongly 

holds the carbon fibre since the effect of matrix softening is insignificant. Moreover, the 

presence of cutting fluid aided chip removal in CCF. This trend is similar to that reported 

by Dahnel et al. [120], whereby surface roughness improved with CCF, when compared 
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to CO2 and dry machining environments at CFRP milling. They also mentioned that the 

effect of CO2 on surface roughness is insignificant, as compared to CCF, mainly because 

the CO2 only cooled the cutting tool, while in CCF, the cutting fluid cooled both cutting 

tool and workpiece simultaneously. 

However, the effect of tool wear and the cutting temperature on the dry machined surface 

is more apparent. At 3000 mm machining length, the Ra measured for dry UAM was 

20 µm, while for CM was 16 µm. In machining the polymeric matrix composite, the high 

machining temperature would eventually reduce the cutting force due to the softened 

matrix materials. Nonetheless, at this stage, the softened matrix resin could not hold the 

fibre strongly, thus deteriorating the quality of machined surface. The softening of the 

matrix resin can also lead to fibre pull-out and fibre matrix de-bonding. Moreover, the 

strength of CFRP reduced as the machining temperature increased [30]. This explains the 

effect of machining environment (dry, CCF, and CO2) on surface roughness for machined 

surfaces. This study also demonstrates that the surface roughness measured for UAM is 

higher than that of the CM for all machining environments. It should be noted that the 

cutting tool oscillation that is perpendicular to the feed direction in UAM, consequently, 

affected the surface roughness. Figures 4-15 and 4-16 illustrate the machined surfaces for 

dry, CCF, and CO2 environments in CM and UAM, respectively. One can observe that 

the machined surface for all machining environments experienced fibre pull-out, matrix 

smearing, and fibre-matrix de-bonding on the machined surfaces. 
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Figure 4-15: SEM micrographs of machined CFRP surface of CM in (a) dry, (b) CCF 
and (c) CO2 environments at 3000 mm machining length. 
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Figure 4-16: SEM micrographs of machined CFRP surface of UAM in (a) dry, (b) CCF 
and (c) CO2 environments at 3000 mm machining length. 
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Next, Figures 4-17 and 4-18 exhibit the surface topography and the roughness profile for 

CM and UAM in dry environment, respectively. Whilst for CM and UAM in CCF and 

CO2 machining environments, the surface topography and roughness profile are 

presented in Appendix C. The surface roughness profile for CM machined surface 

indicated that the profile height for the dry, CCF, and CO2 cryogenic were between -70 

and 50 µm, while the profile height for the UAM machined surface was higher, which 

was between -100 and 100 µm. As discussed before, ultrasonic vibration on cutting tools 

deteriorates the machined surface condition, thus, resulting in higher surface roughness 

in UAM, as compared to CM.  

 

 

 

Figure 4-17: Machined surface topography and roughness profile for CM in dry 
environment machined surface taken in the Alicona with 5X magnification with Ra of  
19.4 µm. 
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Figure 4-18: Machined surface topography and roughness profile for UAM in dry 
environment machined surface taken in the Alicona with 5X magnification with Ra of 
19.3 µm. 

4.1.4 Summary from Study 1(a) 

Study 1(a) focused on investigating the effects of different cutting environments (dry, 

CCF, and CO2) and processes (CM and UAM) on tool wear, cutting forces, and surface 

roughness. As such, several important findings can be drawn and are depicted in the 

following:  

 The progression of tool wear for both CM and UAM displayed a similar trend 

when machining in dry, CCF, and CO2 machining environments. The highest tool 
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200 °C, while CO2 was between 60 and 120 °C and CCF was between 28 to 32 °C. 

The differences in cutting temperature may contribute to the progression of tool 

wear. As for CCF and CO2, the presence of cutting fluid aided in heat removal, 

which enhanced tool wear.  

 In terms of cutting force, the vibration of the cutting tool aided in fracturing the 

carbon fibre in UAM, which resulted in lower cutting force for UAM, in 

comparison to that for CM, in all machining environments. Although the tool 

wear in dry environment was higher than CCF and CO2, heat generated between 

the cutting tool and the workpiece softened the matrix resin. Therefore, the 

cutting force in dry machining is lower due to reduction in material strength. In 

CCF, the flood cooling of the cutting tool and the workpiece materials retained 

the material strength. Therefore, the cutting forces in CCF had been observed to 

be higher. 

 The surface roughness measured for UAM was higher than the CM for all 

machining environments could be attributed to the ultrasonic vibration that was 

perpendicular direction to the feed direction of the machining. Therefore, 

rougher surface was obtained in UAM, when compared to CM. However, the 

implementation of UAM, in this case, did not display any beneficial output to the 

machining outcome, as indicated in the milling process of CFRP. Conventional 

machining considerably helps to reduce the tool wear that occurs at the cutting 

edges. Therefore, in order to investigate the effect of the cutting environments 

on the machined surface, Study 1(b) was designed to explore the effect of cutting 

environments upon the machined surface. The machined surfaces from 

Study 1(a) were analysed by employing the DSC and FTIR analysis. 
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4.2 Study 1(b): Post machining analysis to 
understand the effect of machining 
environments on the machined CFRP surface 

This study was designed to investigate the effects of machining environments (dry, CCF, 

and CO2) on the shifts in chemical properties of the machined CFRP surfaces. The 

samples used in this study were taken from Study 1(a), and the sample preparation is as 

discussed in Section 3.3.5.3.  

The DSC was employed to detect the changes that took place in Tg, while FTIR 

spectroscopy was applied to identify the changes that occurred in chemical properties of 

the CFRP, which consisted of Bismaleimide 5250-4 (BMI 5250-4) as the matrix resin. In 

addition, Thermogravimetric (TGA) and DSC analyses were performed on the pure 

sample of CFRP (un-machined) confirm that the method does not affect the properties 

of the CFRP. The methodology of the study is as discussed in Section 3.4.4.  

Figure 4-19 presents the TGA curve for the pure sample, which indicates that the weight 

loss of the sample began at 350 °C. Therefore, the result from TGA indicates that the 

temperature range for DSC analysis of machined sample was from 25 to 350 °C. Next, 

Figure 4-20 displays the DSC curve of the powder sample for pure CFRP (un-machined) 

that remained at 272 °C, which indicates that the shaving method proposed in 

Section 3.3.5.3 did not have any affect upon the properties of the materials.  
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Figure 4-19: TGA analysis of a pure sample of CFRP consist of BMI 5250-4 as a 

matrix resin indicates that the weight loss starts at 350 °C.  

 

 

 

Figure 4-20: DSC analysis of pure sample of CFRP indicates the Tg for the BMI 5250-4 
was at 272 °C. 
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4.2.1 DSC analysis of machined CFRP surface 

The DSC analysis of the machined CFRP surfaces (all samples were taken at 3000 mm 

machining length) of CM and UAM for dry, CCF, and CO2 machining environments is 

shown in Figures 4-21 and 4-22. The DSC analysis indicates that the Tg for the dry 

machining environment (at 3000 mm) of both CM and UAM had been shifted due to the 

high cutting temperature during machining. Nevertheless, the Tg of the machined 

surfaces of CM and UAM in CCF and CO2 machining environments remained at 272 °C. 

This indicates that the cutting temperatures in CCF and CO2 machining environments 

did not exceed the Tg of matrix resin, which could lead to the shift or elimination of the 

Tg.  

Modification of the Tg at 272 °C for the machined surfaces of CM and UAM in dry 

condition (Figures 4-21(a) and 4-22(a)) from the DSC scan analysis indicates significant 

depolymerisation and chemical degradation of the material properties. The elimination of 

the Tg peak at 272 °C also suggests that the cutting temperature when machining via CM 

and UAM in dry condition exceeded 272 °C. However, the measured cutting temperature 

(180 - 200 °C) for the dry machining environment at 3000 mm length indicates that the 

temperature was below the Tg. This suggests that the cutting temperature recorded by 

the IR thermal camera is not the actual cutting temperature when machining CFRP as it 

is higher than the Tg. The shift in Tg further indicates the changes that took place in both 

chemical and mechanical properties of the thermoset over temperature [171].  
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Figure 4-21: Differential scanning analysis (DSC) of CM machined surface at 3000 mm 

machining length with a heating rate of 10°C/min from 25 to 340 °C. 
Samples were taken from dry, CCF and CO2 environments. 
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Figure 4-22: Differential scanning analysis (DSC) of UAM machined surface at 

3000 mm machining length with a heating rate of 10°C/min from 25 to 
340 °C. Samples were taken from dry, CCF and CO2 environments. 
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This finding is also supported by the SEM micrograph for the dry machined surfaces, 

where apparent evidence of fibre pull-out and matrix smearing on the machined surfaces 

suggest that the material properties in CFRP did alter due to the high cutting temperature, 

as depicted in Figure 4-23. Similar works investigating the ageing of polymeric materials 

also observed the elimination of the Tg peak after ageing of the material occurred under 

certain conditions [35, 44, 45]. Therefore, the findings obtained in this present work 

demonstrate that the cutting temperature effects could yield a similar effect on the 

changes in material properties after machining. The variation in the Tg indicates that 

molecular changes do affect both mechanical and physical properties of the materials in 

various ways [45]. 

 

 

Figure 4-23: SEM micrograph of the CM machined surface in a dry environment 
indicate that the matrix was smeared and thermally degraded matrix 
resin was found on the machined surface. 
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4.2.2 FTIR analysis of machined CFRP surface 

In an attempt to confirm that the cutting temperature and the machining environments 

do have a substantial effect on the BMI 5250-4 chemical bonding that also led to the 

elimination of Tg, FTIR analysis of machined CFRP surfaces was carried out. Table 4-5 

presents the major absorption peak of the IR spectra for CFRP, and the assignment of 

each peak based on the available literature. 

Table 4-5: Assignment of wavelength number of the CFRP with BMI 5250-4 
resin by the FTIR analysis [14, 36, 38, 39, 41, 47, 171]. 

Wavelength (cm-1) Definition / possible bonding for wavenumber 

3700-3000 -OH hydroxyl functional group  

2250 Aromatic nitrile C≡N 

1583 Stretching vibration of C=C in benzene ring 

1502 Stretching vibration of C=C in benzene ring 

1470 Various aliphatic  and imide, CH, CH2, CH3 

1226 C-H 

1143 Stretching vibration of C-O in benzene ring  

1103 Symmetrical stretching vibration of C-O ring 

825 maleimide C=C  

686 C-H 

The DSC analysis of the machined surfaces for CM and UAM in dry environment at 

3000 mm machining length indicates that the changes in chemical properties occurred 

prior to the shift of the Tg. These changes could be attributed to the high cutting 

temperature induced by dry machining over CCF and CO2 environments, which leads to 

alteration of chemical properties. The recorded cutting temperatures for CM and UAM 

of CFRP point out that the cutting temperatures were below the Tg, as portrayed in 

Figure 4-4. Nevertheless, the shifting of the Tg suggests that the actual cutting 

temperatures were higher than the values recorded, therefore, it is necessary to detect the 
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chemical bond changes that took place prior to that. Figures 4-29 to 4-34 illustrate the 

major peak absorption of the machined CFRP surfaces for CM and UAM in dry, CCF, 

and CO2 environments, respectively. The IR absorption peaks for all machining 

environments showed similarity in shapes and positions of the bonds. However, in certain 

cases, the intensity of the peak differed, hence suggesting that the cutting temperature 

induced the chemical property changes of the BMI 5250-4 matrix resin. Based on Figures 

4-24 to 4-29, the FTIR absorption peaks for dry, CCF, and CO2 environments for CM 

and UAM display the comparable patterns of absorption.  

Interestingly, in CM dry environment (sample was taken at 3000 mm machining length), 

an unusual peak was observed at the region of 2405 to 2233 cm-1, thus suggesting the 

appearance of aromatic nitrile bond [36, 41, 187, 188]  in the machined CFRP surface. 

However, this aromatic nitrile bond was not observed in CM (CCF and CO2) and UAM 

(dry, CCF, and CO2). Similar observation has been reported by [36, 41], indicating that 

the presence of aromatic nitrile bond is typically observed after pyrolysis of polymeric 

materials. Additionally, Regnier et al. [41] reported that thermal degradation of the BMI 

began from 400 °C to 600 °C to produce isocyanate-derived product, such as nitrile 

bonding. Therefore, this finding suggests that for machined CFRP surface in dry 

environment at 3000 mm machining length, the cutting temperature at the primary shear 

zone could exceed 400 °C to generate isocyanate-derived product. As such, the vibration 

of the cutting tool aided in removing the heat generated at the primary shear zone. This 

also suggests that the cutting mechanism in UAM aided heat removal between the cutting 

tool and the workpiece materials [6, 13, 154], thus reducing the degradation process of 

the machined surface. When compared to the machining conditions, i.e. CM and UAM, 

it was observed that machined CFRP surface does not give any substantial difference to 

the shift in chemical properties. However, as for the machining environments (dry, CCF, 
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and CO2), a significant difference was noted in the chemical properties changes, where 

the intensity changes had been rather apparent. 
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4.2.2.1 Region of 3700 cm-1 to 3000 cm-1  

In the region between 3700 and 3000 cm-1, the formation of hydroxyl (–OH) functional 

groups had been noticed. The broad wavelength spectra centred at 3400 cm-1 of –OH 

were observed. Figure 4-30 illustrates the -OH region from 3700 to 3000 cm-1 for CM (a-

c) and UAM (d-f) in dry, CCF, and CO2 environments, respectively. Significant reduction 

of the -OH intensity was clearly observed in the conventional dry machining, as compared 

to CCF and CO2 machining environments. The formation of -OH is expected due to the 

post-curing mechanism of the BMI resin system. Nonetheless, the changes in the intensity 

of -OH, when comparing the different machining environments, were not obvious. This 

can be attributed to the cutting temperature effect, which is not continuous on the CFRP 

that could generate the thermal oxidative effect upon the machined CFRP surfaces. 

Moreover, a prior study on the curing mechanism of CFRP that consisted of BMI resin 

mentioned that the formation of –OH (at the wavelength of 3473 cm-1) can be linked to 

ether crosslinks via hydration over a 10-hour period [14].  
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4.2.2.2 Region of 1700 cm-1 to 1300 cm-1 

Figures 4-31 (a) to (f) display the region of three peaks between wavenumber 1583 cm-1 

and 1502 cm-1 (stretching of C=C in benzene ring), as well as 1470 cm-1 (various aliphatic 

and imide). CM and UAM machined CFRP surfaces for dry machining environment, as 

portrayed in Figures 4-36 (a) and (d), exemplify the reduction of the intensity of peaks 

from 1 to 3 m machining length. In contrast, the peaks for CM and UAM in CCF and 

CO2 machining (Figures 4-31 b, c, e, and f) are consistent. Hence, no substantial variance 

could be found in the intensities of CCF and CO2 machining environments, as illustrated 

in those figures. The increased cutting temperature over the machining length reduced 

the intensity of carbon-carbon double bond (C=C) in the dry machining environment for 

both machined CFRP surfaces of CM and UAM. The reduction of the intensity of C=C 

can be explained by further post-curing effect to the materials in dry environment. On 

the other hand, the intensities in CCF and CO2 cryogenic environments remained 

unchanged. 

This finding is in agreement with the results reported by Morgan [14] and Khatjeh [16], 

where they pointed out that the curing mechanism occurs at three C=C. However, the 

curing is not apparent in phenyl and ally, where C=C can be noted. The consistency of 

the peak intensities for CCF and CO2 cryogenic conditions for both CM and UAM can 

be explained by the cutting temperatures measured, which are lower than the Tg during 

the machining operation. Thus, the post-curing effect at the peaks of 1583, 1502, and 

1470 cm-1 for CCF and CO2 cryogenic machined CFRP surfaces does not occur. In 

addition, Dao et al. [171] asserted that the reduction of intensity at ≈1502-1511 cm-1 

signifies that the BMI has experienced ageing. 
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4.2.2.3 Region of 1300 cm-1 to 1000 cm-1  

Figures 4-32 (a) to (f) indicate the peak in the region between 1300 cm-1 and 1000 cm-1 

for CM and UAM in different machining conditions, which are dry, CCF, and CO2 

cryogenic. The peak at 1226 cm-1 indicates the carbon-hydrogen (C-H) bonding, while 

peaks at 1143 cm-1 and 1103 cm-1 are attributed to the symmetrical stretching vibration of 

the carbon-oxygen (C-O) in the benzene ring. Moreover, the pattern of the intensity of 

the peak shows that the CM and UAM project a similar pattern in the decrease of peak 

for dry and CO2 cryogenic conditions. However, the peak intensity for CCF machining 

condition shows increased intensity at 1103 cm-1. Significant changes of the peak intensity 

from 1 to 3 m machining length of the machined surfaces for CM and UAM CFRP 

samples are presented in Figures 4-32 (a) and (d). The intensities of the C-O peaks for 

CM and UAM dry decreased as the machining length increased. This can be attributed to 

the increase in the cutting temperature from 100 to 220 °C as the machining length 

increases. The intensity of the peaks at 1226 cm-1 for CCF and CO2 cryogenic machining 

conditions for both CM and UAM shows the consistency of the peaks throughout the 

machining length. However, for the dry machining condition for both CM and UAM, a 

reduction in C-O intensity can be observed.  
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4.2.2.4 Region of 950 cm-1 to 700 cm-1 

Figures 4-33 (a) to (f) display the wavelength spectra for the region between 950 and 

700 cm-1 of the machined CFRP surfaces for CM and UAM. Figures 4-33 (a) and (d) 

represent CM and UAM in dry condition that reflect significant reduction of the intensity 

of maleimide (C=C) at 825 cm-1. Next, Figures 4-33 (b) and (e) display the CM and UAM 

in CCF condition, showing that the intensity of the C=C is inconsistent. Meanwhile, 

Figures 4-33 (c) and (f) that represent CM and UAM in CO2 cryogenic condition 

demonstrate that the intensity of maleimide (C=C) is nearly unchanged after 3 m of 

machining length. It is assumed that the presence of –OH group in the conventional 

cutting fluid affected the chemical properties of CFRP. Nonetheless, no significant 

variance had been noted for the machined CFRP surfaces in CO2 cryogenic condition, 

thus suggesting that the low cutting temperature (70-110 °C) was obtained due to CO2 

cryogenic cutting condition that aided in maintaining the CFRP chemical structure. 

Certainly, the significant reduction in maleimide (C=C) for dry condition machined 

surface of CFRP can be explained due to the higher cutting temperature (180-200 °C), 

when compared with CCF and CO2 cryogenic conditions. Besides, it is assumed that 

further post-curing occurred in dry machining condition. Moreover, thermally degraded 

resin and broken fibres were found on the cutting tool, as shown in Figure 4-34, indicating 

that the CFRP with BMI 5250-4 was not completely cured. 
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Figure 4-34: SEM micrograph of thermally degraded resin and broken fibres 
were found in between the diamond grit indicates that the BMI 
5250-4 resin is not fully cured. 

Furthermore, the reduction in maleimide bond (C=C) suggests that the high machining 

temperature induces further post-curing effect on the machined surface, thus 

deteriorating the mechanical properties of CFRP. This indicates that the BMI 5250-4 

resin experiences more curing reaction due to the increase in cutting temperature as the 

machining length increases.  

This present work confirms that the curing reaction of CFRP is incomplete after the 

standard composite fabrication and post-cure. The elimination of the Tg curve in Figures 

4-21 and 4-22 suggests that the chemical properties of the machined CFRP surfaces have 

been changed/modified due to high cutting temperature in dry machining condition. 

Therefore, further curing effect on CFRP could occur by the service environment 

condition, thus resulting in changes of the Tg and the degradation of mechanical 

properties [14]. For instance, Morgan et al. [14] found the same reduction in the 

maleimide bond (at 825 cm-1) when investigating the effect of curing temperature upon 

BMI. They further explained that the increase in curing temperature hiked the Tg and 

hence, degrades the mechanical properties of the BMI composite. Nonetheless, the 

increase/decrease of the maleimide (C=C) group in CM (CCF and CO2) does not project 
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any substantial changes. Even though the sample taken for the FTIR refers to the 

machined CFRP surface, one can observe that even without ageing the materials, high 

cutting temperature induced by machining process can initiate degradation of materials. 

Although the application of cutting fluid could decrease the cutting temperature, it is well-

agreed by several researchers that the application of coolant base is not recommended in 

machining composite, specifically thermoset, where absorption of moisture is high and 

can lead to hydrolysis of materials.  

Therefore, the results obtained from DSC analysis and FTIR spectroscopy reveal that 

milling of CFRP in dry environment could lead to alteration in chemical properties of 

BMI 5250-4 matrix resin. The formation of isocyanate-derived product, as observed for 

CM dry at 3000 mm machining length, suggests that the actual cutting temperature could 

possibly reach 400 °C. Although the result obtained from Study 1(a) suggests that the 

application of UAM could lead to increased tool wear and surface roughness due to the 

vibration of the cutting tool. Results from FTIR indicate that the vibration of the cutting 

tool aided in removal of heat generated. Furthermore, milling of CFRP with CCF 

indicates that the presence of water molecule (-OH) in CCF could deliberately alter the 

chemical properties in BMI 5250-4 matrix resin. Hence, based on the DSC and FTIR 

results on the machined CFRP surfaces, it is proposed that milling of CFRP with CO2 is 

recommended due to the fact that the machining environment does not affect the 

chemical properties of BMI 5250-4 matrix resin, while at the same time, improves the 

aspect of machinability. This result also suggests that the combination of DSC and FTIR 

analysis could be beneficial in determining thermal degradation of machined CFRP 

surfaces. 
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4.2.3 Summary from Study 1(b) 

This study addressed the effect of machining environments on BMI 5250-4 chemical 

properties. Therefore, summaries of results obtained by DSC and FTIR analysis are 

outlined as follows: 

 The results from DSC and FTIR analyses demonstrated that the combination of 

both techniques revealed the initial thermal degradation of CFRP. The DSC 

results revealed that higher cutting temperature (exceeding 180 °C) could lead to 

changes in material properties by examining the shift of Tg for BMI resin. It was 

observed that the initial Tg at 272 °C was eliminated in dry machining 

environment for both CM and UAM at 3000 mm machining length, thus 

suggesting that the actual cutting temperature exceeded the Tg. 

 Further analysis of the machined surface by FTIR indicates that chemical changes 

occur prior to the cutting temperature. It was observed that in CM dry, the 

presence of a peak at 2250 cm-1 signifies the aromatic nitrile bond (C=N). The 

presence of the aromatic nitrile bond that is typically observed during thermal 

degradation of BMI above 400 °C points out that the high cutting temperature in 

the dry environment of CM degraded the property of BMI. However, the 

presence of aromatic nitrile in UAM machined CFRP surface was not observed 

because the ultrasonic vibration cutting mechanism in UAM aided in removal of 

heat generated by cutting tool and workpiece. 

 Furthermore, reduction of maleimide bond (C=C) at 825 cm-1 in CM and UAM 

dry environments indicate that further post-curing occurred in both processes. 

 Although the samples examined for FTIR were the machined surface of CFRP, 

it is now clearly understood that even without ageing the materials; the machining 

process can initiate degradation of materials. Besides, it is well-agreed by several 
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researchers that the application of cutting fluid is not recommended in machining 

composite, specifically for thermoset, where the absorption of moisture is high 

that can lead to hydrolysis of materials.  

 The high cutting temperature generated during the machining of CFRP can 

initiate more crosslinking effect to CFRP and further deteriorates chemical and 

mechanical properties. Thus, the machining temperature can alter the properties 

of the materials even without ageing the materials for a certain amount of time.  

 The changes of Tg in CFRP materials indicate the occurrence of chemical 

property degradation and depolymerisation of polymeric materials. Hence, 

further post-curing of BMI 5250-4 and its composite could reduce the mechanical 

properties of the material and further initiate more damages, such as crack 

propagation.
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4.3 Study 2: Machinability of CFRP using PCD 
end mill 

The purpose of Study 2 was to investigate the effect of cutting tool type (tool materials 

and geometry) on UAM. The direction of cutting tool vibration that is perpendicular to 

the feed direction was proposed in contributing to the degradation of cutting tool 

condition and machined surface in UAM, regardless of the type of the cutting tool 

employed. Hence, this study employed the straight flute geometry (helix angle, λ= 0 °) of 

10 mm diameter PCD end mill in order to investigate the effect of tool type on the 

machinability of UAM. Thus, the cutting parameters employed in the present study are 

similar to those in Study 1(a) (Section 4.1) in order to observe the effect of cutting tool 

type on the machinability of UAM. The study also investigated the effect of UAM, in 

comparison to CM, in terms of tool wear, cutting forces, and surface roughness. 

4.3.1 Tool wear 

Wear progression of polycrystalline diamond (PCD) end mill that was used for CM and 

UAM were shown in Figure 4-35.  The tool wear was measured at each of three flutes of 

the PCD end mill. The error bars represent both maximum and minimum values of the 

flank wear measurement from the three flutes. When milling of CFRP with PCD end mill 

for both CM and UAM, it was observed that the tool wear increased gradually as the 

machining length increased. Nevertheless, some minimal differences by 5 to 10 % had 

been noted between the tool wear measured for CM and UAM up to 8 m, in which both 

machining processes showed a similar trend of tool wear. When approaching 10 m 

machining length, the end mill used for UAM reached the maximum wear band, and the 

test was stopped. The end mill used for CM, on the other hand, could machine further 



Chapter 4: Results and Analysis 

158 

up to 15 m in length before the end mill reached the maximum wear band, as 

recommended by the industry, which was 110 µm. 

 

 

Figure 4-35: Progression of tool wear for CM and UAM over 10 metre machining length. 

 

At 10 m machining length, the end mill used for UAM exhibited the maximum 

recommended wear band (110 µm), whereas the wear measured for CM was 80 µm. The 

end mill used for CM enhanced the tool wear by 29 %, when compared to the end mill 

used for UAM. This result, nonetheless, contradicts with another finding [150] that 

claimed the presence of ultrasonic vibration during milling could longer the tool life, as 

compared to the CM. Nevertheless, the direction of the ultrasonic vibration was in parallel 

with the feed direction and the intermittent separation of tool-workpiece aided in 

improving the tool life. However, the direction of the ultrasonic vibration in the present 

study was in a perpendicular direction with the feed direction, thus could be attributed to 

the high tool wear in UAM and the intermitted separation between the cutting tool and 

workpiece did not take place. Figure 4-36 displays the tool motion during CM and UAM. 

Moreover, it is noted that from Figure 4-36(b) that the cutting tool used in UAM travelled 

more than the CM in one cutting cycle. 
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Figure 4-36: Tools motion for (a) CM and (b) UAM over one cutting cycle of cutting 
speed (500 m/min), feed rate (0.8 m/min) and peak-to-peak amplitude 
(5 µm) indicates that the cutting tool used for UAM create more tool-
workpiece contact compared with CM. MATLab simulation was carried 
out by Aniruddha Gupta. 

Therefore, the increase in tool wear for UAM can be attributed to the motion of the 

cutting tool, mainly due to the ultrasonic vibration. Furthermore, several aspects, such as 



Chapter 4: Results and Analysis 

160 

rotation, vibration, and movement of the end mill, during the UAM increased the contact 

length of tool-workpiece, hence creating more abrasion and interaction. As a result, after 

8 m of machining length, the PCD end mill could not sustain the impact between the tool 

and the workpieces, thus reaching the maximum wear band when the machining is no 

further than 10 m. In contrast with UAM, the end mill used for CM only rotated and 

moved along the machine path, thus reducing the contact length between end mill and 

CFRP workpiece.  

Furthermore, increase in the contact between cutting tool and workpieces when milling 

with the assistance of the ultrasonic amplitude in the present study is in agreement with 

prior researches [8, 149, 150]. Notably, the increased contact length between the cutting 

tool- and the workpiece creates a continuous interaction between the both. Besides, other 

work suggests that the complexity of tool movement, which vibrates in the perpendicular 

direction (z-direction) to the feed direction, deteriorates the tool condition in UAM, when 

compared with CM [8, 9, 149]. Although both findings employed different types of 

workpieces, it is important to note that the direction of the ultrasonic vibration 

contributes to a significant effect on the progression of tool wear in UAM. Therefore, 

higher tool wear for the cutting tool used in UAM can be concluded due to the continuous 

interaction between the cutting tool and the workpieces. Such continuous interaction 

degrades the condition of the cutting tool in UAM, when compared to that of CM. Thus, 

based on tool wear results, it can be concluded that the ultrasonic vibration that is 

perpendicular to the feed direction failed in offering any beneficial outcome in tool wear, 

especially for milling operation in this case. 

Figure 4-37 shows the new PCD end mill, while Figures 4-38 and 4-39 exhibit the worn 

end mill for CM and UAM, respectively. Irregular and groove surfaces could be observed 

on the tool surface for the worn tool for CM (Figure 4-38 (b)) and UAM (Figure 4-39 (b)). 



Chapter 4: Results and Analysis 

161 

However, no material adhesion was noted on the cutting edge for both tools. The wear 

of the PCD was initiated with abrasion between the PCD and the workpiece.  

In addition, the void that was observed on the tool surface is evidence of the removal of 

Cobalt (Co) binder, as projected in Figures 4-38 (b) and 4-39 (b). The hardness of Co 

(HCo = 400-1200 HV), which is lower than the diamond particle (HDiamond = 10000 HV) 

and the carbon fibre (HCF = 800-1000 HV), eases their removal during machining [52, 80, 

108]. Moreover, the presence of the free Co binder and the broken fibre abraded the tool 

surface and the workpieces as the machining length was increased. The continuous 

abrasion between Co and broken fibre with the tool surface and the workpiece could lead 

to diamond particle breakage and more removal of Co binder due to the impact during 

machining [125]. This can also be supported by the characteristic of the diamond that has 

lower toughness, when compared to Co binder and carbon fibre [110, 124].  
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Figure 4-37: (a) SEM micrographs of cutting edge of new PCD end mill  and (b) 
high magnification SEM micrograph of ‘b’ indicates that the white 
spots are the cobalt binder (Co) and dark spots are the diamond 
particles. 
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Figure 4-38: (a) SEM micrographs of a PCD end mill cutting edge used for CM 
after 10 metres machining length and (b) high magnification SEM 
micrograph of ‘b’ indicates the worn out surface and the removal 
of Co binder.  
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Figure 4-39: (a) SEM micrographs of a PCD end mill cutting edge used for UAM 
after 10 metres machining length and (b) high magnification SEM 
micrograph of ‘b’ indicates the worn out surface and the removal of 
Co binder. 
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Additionally, higher tool wear rate in the cutting tool used for UAM can be supported by 

the mechanism of Co binder loss, which leads to the fracture of diamond particle. During 

UAM, the frequency employed was 38000 Hz with peak-to-peak amplitude of 5 µm. The 

combination of high frequency with ultrasonic amplitude leads to the continuous 

vibration of the cutting tool while cutting. As a result, the PCD tool used in UAM 

condition was continuously abraded with the CFRP workpiece, thus reducing tool life. It 

is noted that the cutting tool condition for both CM and UAM had been similar when 

examined under SEM. Thus, one can conclude that the ultrasonic vibration of the cutting 

tool accelerates the wear on the cutting edges of PCD at 8 m of machining length, where 

the Co binder is severely dislodged in the cutting tool. The different hardness between 

the carbon fibre and the matrix resin also causes stress alteration and consequent fatigue 

on the cutting tool [118].  Hence, it is reasonable that the wear rate for the first 8 m of 

machining length is similar for both CM and UAM.  

This rather contradicting result may be due to the vibration of the cutting tool that is 

perpendicular to the feed directions. A prior study mentioned that enhanced tool wear 

could be achieved via UAM operation. However, the result presented by [150] employed 

the ultrasonic vibration in the feed direction during milling. Similar observation was 

reported by [119] when machining CFRP, where the main mechanism was mainly 

attributed to the different hardness of carbon and matrix. Hence, it is suggested that the 

vibration of the cutting tool increases the abrasion between the cutting tool and the 

workpiece, thus leading to more removal of Co binder.  

Therefore, the results of tool wear obtained from Study 2 conclude that the cutting tool 

geometry between PCD and WC-Co end mill does not have a significant effect upon tool 

wear, where higher tool wear was reflected in UAM, when compared with CM, in 

Studies 1(a) and 2. Hence, the direction of ultrasonic vibration, which is in the 
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perpendicular direction to the feed direction, could be a reason for the deterioration of 

tool wear. 

4.3.2 Cutting forces 

Figure 4-40 compares the feed force (Fx) and the normal force (Fy) for both CM and 

UAM. The effects of cutting speed, feed rate, and depth of cut are negligible because both 

CM and UAM employed constant parameters. The cutting forces in both x- and 

y-directions were increased as the machining length was increased. Besides, both feed and 

normal forces for UAM were 10 % lower than the CM with over 10 m machining length. 

At 10 m machining length, the feed force (Fx) measured for UAM was 429 N and 468 N 

for CM, while the normal forces were 244 N and 278 N for UAM and CM, respectively. 

The feed force is higher than the normal force for both UAM and CM due to the frictional 

force in the feed direction [148]. 

 

 
Figure 4-40: Feed force (Fx) and normal force (Fy) for CM and UAM over 10 metre 

machining length. 

 

1 2 4 6 8 10

0

50

100

150

200

250

 CM

 UAM

N
o
rm

a
l 
fo

rc
e

, 
N

Machining length, m

1 2 4 6 8 10

0

100

200

300

400

500
 CM

 UAM

F
e

e
d
 f

o
rc

e
, 

N

Machining length, m



Chapter 4: Results and Analysis 

167 

As mentioned in the literature, the cutting force during milling of CFRP exerts a strong 

correlation with the progression of tool wear [65, 136, 189]. The progression of tool wear 

usually affects the cutting forces during machining. However, in this present study, lower 

cutting force (10 to 15 %) was obtained by UAM, when compared with CM. 

Nevertheless, Section 4.3.1 shows that the tool wear of CM is lower than that of UAM. 

This could be attributed to the minimal variance of progression of tool wear between CM 

and UAM for the first 8 m. At 10 m machining length, the tool wear measured for UAM 

was 110 µm and 78 µm for CM. Furthermore, as mentioned by many researchers [6, 7, 

156], a significant reduction in cutting forces and improved tool wear can be achieved by 

UAM due to its intermittent cutting, where the cutting tool engaged from the workpiece 

can be observed. Nevertheless, the intermittent separation between the cutting tool and 

the workpiece in the present study did not occur. The intermittent cutting produced zero 

cutting forces, thus reducing the average cutting forces. However, Figure 4-41 shows that 

the cutting forces for CM and UAM are comparable for this study. The sampling rate 

employed during the force measurement was 40000 Hz, and the ultrasonic frequency was 

set at 38000 Hz. Thus, it has been expected that the dynamometer is capable of collecting 

all the force data during machining since the sampling rate is higher than the ultrasonic 

frequency. The increase and the decrease of the cutting force in the zoom image 

(Figure 4-41) are due to the interrupted cutting in milling, where the cutting flute enters 

and exits the workpiece in a cutting cycle.  
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Figure 4-41: Typical cutting force data for a) CM and b) UAM at 2 metre 
machining length indicate that the cutting forces pattern for 
UAM and CM are comparable. 

Although the intermittent cutting did not take place in this study, a minimal reduction 

(5-10 %) of the cutting forces that was recorded for UAM could be attributed to the 

ultrasonic vibration of the cutting tool during milling. Hence, it is suggested that the 

continuous interaction between the cutting tool and the workpieces has altered the 

mechanism of chip formation, where the ultrasonic vibrations aided in chip breakage, 

aside from generating thinner and smaller chips [157, 190]. This is opposed to metal 

cutting, where the mechanism of chip formation is mainly due to plastic deformation of 

the workpiece materials. However, the chip formation mechanism of CFRP [54, 57, 191] 

is mainly due to carbon fibre fracture and brittle fracture of matrix resin. Besides, no 

evidence displays that the carbon chip produced by UAM is smaller than that produced 

by CM.  

(a) 

(b) 
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4.3.3 Surface roughness 

Figure 4-42 compares the average surface roughness, Ra, of the machined surfaces for 

CM and UAM with over 10 m machining length. The value of the average surface 

roughness for both CM and UAM increased as the machining length was increased, while 

the error bars represent both maximum and minimum values of the surface roughness. 

The average surface roughness showed that the value measured for UAM was higher by 

5 to 10 %, when compared to CM, although low cutting forces were recorded for UAM.  

 
Figure 4-42: Surface roughness, Ra of CM and UAM over 10 metre machining length. 

Increment in surface roughness of UAM machined surface is attributed to the higher tool 

wear in UAM than CM. In addition, poor surface roughness obtained by UAM is 

attributed to the ultrasonic vibration that was superimposed onto the cutting tool during 

the machining process. This extra movement of the cutting tool in UAM degrades the 

surface roughness, when compared with the CM machined surface. Moreover, Study 1(a) 

also found that rougher surface was obtained when milling CFRP with UAM, as 

compared with CM. Although varied cutting tool geometries were employed in 

Studies 1(a) and 2, the ultrasonic vibration of the cutting tool during UAM that is 

perpendicular to the feed direction contributed to the rougher surface in UAM. 
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When the cutting tool was still sharp at 0.5 m machining length (Vb=18 µm), the surface 

roughness measured for CM was 1.3 µm, while the UAM machined surface was 2.3 µm. 

Further milling of CFRP up to 10 m showed that the surface roughness for CM was 

5.8 µm, and UAM was 6.2 µm, which refers to 7 % higher than CM. These results are in 

line with those reported by Maurotto et al. [8], whereby surface roughness of stainless 

steel obtained by UAM was higher, when compared with that of CM. Moreover, obvious 

tool marking was noticed on the machined surface when employed in high frequency 

(20 to 60 kHz), when compared with CM. Nonetheless, insignificant difference was 

found when the sub-surface metallography for both processes had been examined. The 

complexity of the motion in the UAM can be attributed to the degradation of the 

machined surface quality [9]. In contrast with Razfar et al. [13], the enhanced surface 

roughness can be obtained when machining carbon steel with implementation of 

ultrasonic vibration on the workpiece. They further claimed that the improvement was 

attributed to the direction of the vibration, which is in the same direction with the feed 

direction. However, in the present work, ultrasonic vibration was applied perpendicular 

to the feed direction.  

Although the characteristics and the properties of workpiece materials employed in other 

studies [8, 9, 13, 192] differed from CFRP materials, it is agreed that the direction of the 

cutting tool and workpiece vibrations during UAM displays a significant effect on the 

surface roughness of the workpiece. Moreover, the characteristic of CFRP composite 

materials, which is non-homogenous, is more complicated, when compared to metal. The 

quasi-isotropic layer of carbon fibre in the workpiece employed in this study also 

complicated the progression of surface roughness. Furthermore, the difference properties 

of carbon fibre and matrix resin further complicated the CFRP machining process, in 

comparison to metal machining.  



Chapter 4: Results and Analysis 

171 

Figures 4-43 and 4-44 illustrate the surface topography and the roughness profile of the 

machined surfaces of CM and UAM at 10 m machining length. The profile height for CM 

was in the range of -15 to 10 µm with an average surface roughness of 5.4 µm, while the 

average surface roughness of UAM, Ra was 6.2 µm with a profile height between -20 and 

10 µm. As discussed earlier, rougher surface was noted for UAM. The UAM surface 

topography and profile obtained from Alicona InfiniteFocus, as given in Figure 4-44, 

exhibit the irregular surface for UAM machined surface. The lower peak on the surface 

roughness profile indicates the voids, while the higher peaks signify fibre pull-out 

observed on the UAM machined surface. Hence, it is proposed that the tool vibration 

that is perpendicular to the feed direction deteriorates the machined surface. The 

complexity of tool movement in ultrasonic assisted machining, which vibrates, rotates, 

and moves, at the same time, affects the surface roughness [6, 9, 149].   

  

 

Figure 4-43: Surface topography and roughness profile of the CM surface 
produced by the Alicona with 5 X magnification with an average 
surface roughness, Ra of 5.4 µm at 10 m machining length. 
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Figure 4-44: Surface topography and roughness profile of the UAM surface 

produced by the Alicona with 5 X magnification with an average 
surface roughness, Ra of 6.2 µm at 10 m machining length. 

Although some studies have reported that the implementation of ultrasonic could 

improve surface roughness, most of the claims were observed when machining 

homogeneous materials, such as aluminium and titanium alloys. However, in the present 

study, the properties of CFRP employed are non-homogenous with quasi-isotropic 

orientation.  

Additionally, based on the surface topography for both CM and UAM, matrix smearing 

and holes were noted on the machined surface. The holes that appeared on the machined 

surface indicated that the fibres were pulled out from the surface. At 10 m machining 

length, where tool wear and cutting forces for both CM and UAM were higher, it is 

plausible that the heat generated by cutting tool and workpiece is higher. Consequently, 

the high cutting temperature could reduce the strength between carbon fibre and matrix 

resin, thus enabling fibre to be pulled out and causing holes on the machined surface. 

Figures 4-45 and 4-46 illustrate the machined CFRP surfaces for CM and UAM taken in 

SEM, respectively. It was observed that the machined surface for CM was smooth, as 
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compared to that of UAM. As reported by Ramulu et al. [139], the presence of matrix 

smearing on the machined surface can affect the value of the surface roughness. A lower 

surface roughness can be obtained when the matrix is smeared over the machined surface. 

However, when the matrix is smeared at a certain area on the machined surface, fibre can 

be pulled out from the machined surface, thus generating higher roughness. Thus, 

Figures 4-45 (b) and 4-46 (b) display higher magnification images of the machined surface 

taken in SEM for both CM and UAM at 10 m machining length, respectively.  

Damage such as fibre pull-out, fibre-matrix de-bonding, and matrix smearing, were 

observed on the machined surfaces of CM and UAM. However, it is evident that the 

UAM machined surface has fibres being pulled-out from the surface and voids can be 

observed, as shown in Figure 4-46 (b). In addition, the SEM images also reveal that the 

resin was thermally degraded during the machining processes due to high tool wear that 

led to high cutting temperature. On the other hand, the matrix smearing on CM surface 

is evident of lower surface roughness obtained in CM, when compared to UAM. This 

explains the variance between the surface roughness values obtained by the machined 

surfaces of CM and UAM.
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Figure 4-45: (a) SEM micrographs of CM of CFRP machined surface at 10 m 
machining length and (b) high magnification SEM micrograph of 
‘b’ indicates that the matrix was smearing on the machined surface.  



Chapter 4: Results and Analysis 

175 

 

Figure 4-46: (a) SEM micrographs of UAM of CFRP machined surface at 10 m 
machining length and (b) high magnification SEM micrograph of ‘b’ 
indicates that the surface experienced fibre pull-out and created the 
void on the machined surface. 
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4.3.4 Post machining analysis of machined CFRP surface 

4.3.4.1 DSC and FTIR analysis of machined CFRP surface 

As discussed in Study 1(b) (Section 4.2), the elimination of the Tg for BMI 5250-4 

indicates that the high cutting temperature has deliberately changed the chemical 

properties of the matrix resin during machining. Therefore, in this subsection, only the 

machined CFRP surface sample at 10 m machining length (high temperature and high 

tool wear) had been incorporated for analyses to ensure that the repeatability of the results 

obtained in Study 1(b). Figure 4-47 compares the DSC analysis of un-machined and 

machined CFRP surfaces for both CM and UAM at 10 m machining length. The 

un-machined sample of CFRP indicates that the Tg of the BMI 5250-4 matrix resin was 

at 272 °C. However, for CM and UAM machined CFRP surfaces; the Tg curves were not 

observed.  This suggests that at this machining length, the cutting temperatures of CM 

(145 °C) and UAM (130 °C) have affected the chemical properties of the machined 

surfaces, as portrayed in Appendix D.  

 
Figure 4-47: DSC analysis of machined CFRP surface at 10 m machining length 

indicates the Tg for CM and UAM were eliminated suggesting that 
the chemical property of the machined surface have been changed 
because of high cutting temperature at the end of machining test. 
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Apart from the DSC analysis of the machined CFRP surface, FTIR analysis was 

performed to determine the changes that took place in the chemical properties of the 

machined surface. Similar to Study 1(b), the formation of aromatic nitrile bond was 

observed in CM machined CFRP surface sample, but not for UAM machined CFRP 

surface sample, as illustrated in Figure 4-48. Therefore, these results confirm that the 

formation of aromatic nitrile at the region of 2405 to 2233 cm-1 suggest the occurrence 

of thermal degradation for the machined CFRP surfaces. This finding also confirms that 

DSC and FTIR could be used to determine the degradation of machined surfaces. 

 

Figure 4-48: FTIR Spectra for machined CFRP surface for CM in dry environment from 
4000 to 600 cm-1 for 1 and 10 m machining length. 

 

Figure 4-49: FTIR Spectra for machined CFRP surface for UAM in dry environment 
from 4000 to 600 cm-1 for 1 and 10 m machining length. 
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4.3.5 Summary from Study 2 

Study 2 has shown that the application of ultrasonic vibration on cutting tool during 

milling of CFRP did not exert any beneficial effect to tool wear and cutting forces. The 

results obtained from DSC and FTIR also revealed that the formation of isocyanate-

derived product was observed on CM machined surface, which is similar to the result 

obtained in Study 1(d). Therefore, the findings from this study can be summarized as 

follows: 

 The results obtained in Study 2 indicate that the cutting tool geometry did not 

significantly influence the tool wear. Therefore, the vibration of the cutting tool 

that is perpendicular to the feed direction did not display a beneficial effect upon 

tool wear in UAM. 

 From Study 2, it can be concluded that the PCD end mill used for CM could 

machine further up to 15 m before reaching the maximum flank wear, as 

recommended by the industry. However, the PCD end mill used for UAM only 

machined up to 10 m before it attained the maximum flank wear. There is a 

marginal difference (5-8 %) in the progression of tool wear for the end mill used 

in CM and UAM for the first 8 m of machining length. However, the PCD end 

mill for UAM is only capable to machine up to 10 m before it reached 110 µm. 

Hence, for the first 10 m, the effect of tool wear in the analysis is negligible.  

 The cutting force for UAM is 10 % lower when compared with CM. This may be 

due to the cutting tool vibration in UAM that increases the fracturing mechanism 

of carbon fibre, thus reducing the cutting forces in UAM. However, the cutting 

tool vibration that is perpendicular to the feed direction leads to a rougher 

machined surface due to discovery of fibre pull-out on the UAM machined 

surface, while matrix smearing on the CM-machined surface. 
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 It is suggested that the ultrasonic vibration that is perpendicular to the feed 

direction deteriorates the machined surface in UAM and increases tool wear of 

the cutting tool used for UAM.  

 Post-machining analysis on the machined surface by DSC indicates that the Tg 

has been eliminated due to the high cutting temperature. Inspection by FTIR 

suggests that the formation of aromatic nitrile bond in CM-machined CFRP 

surface indicates that the machined surface has been thermally degraded. 

4.4 Study 3: Machinability of CFRP using an 
abrasive diamond milling tool 

Studies 1(a) and 2 employed the typical end mill tool to perform CFRP milling. As 

mentioned earlier in the literature review, application of abrasive diamond tool as a cutting 

tool to perform CFRP milling has been increasing due to the advantages offered by the 

abrasive, especially when high cutting speed and feed rate is necessary. Therefore, this 

study investigated the effect of UAM, in comparison to CM in terms of tool wear, cutting 

forces, and surface roughness. Constant cutting parameters of speed (565 m/min), feed 

rate (1500 mm/min), and depth of cut (1 mm) were applied, as shown in Section 3.4.4. 

Both CM and UAM employed the 10 mm diameter of the abrasive diamond tool with an 

average of 420 µm diamond grit, which is commonly used for roughing of CFRP at the 

BAE Systems.   

4.4.1 Tool wear  

Figure 4-50 demonstrates the progression of the cutting tool diameter based on the slot 

width for CM and UAM over the 10 m machining length. The error bars represent the 

difference for maximum and minimum averages of the slot width measured. The diameter 

of abrasive diamond tool was examined by monitoring the width of a slot cut on a 
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graphite plate, as elaborated in Section 3.3.4.3. In fact, reduction of the cutting tool 

diameter for both milling processes demonstrated a similar pattern for the first three 

metres. The decrease in the cutting tool diameter is attributed to the initial condition of 

the sharp abrasive peaks, indicating rapid tool wear [113]. Nonetheless, CM beyond 3 m 

increases the diameter of the cutting tool. It was also observed that after three metres of 

machining length, the broken fibre and the degraded resin began to adhere to the cutting 

tool used for CM. In contrast, the tool diameter of UAM constantly decreased, and it was 

observed that the less degraded resin and broken fibre adhered to the tool surface. At the 

end of the test, the tool diameter for CM had increased from 9.94 to 9.975 mm, while for 

the UAM, the cutting tool diameter reduced from 9.955 to 9.935 mm.  

 
Figure 4-50: Progression of tool diameter of an abrasive diamond tool for CM and 

UAM over 10 m machining length. 

Figures 4-51 (a, b, c, d, e, and f) show the optical microscopy images of the cutting tools 

used for CM and UAM at 0.5, 5.0, and 10.0 m machining length. It was observed that the 

cutting tools used for CM adhered to the broken fibre and the degraded resin between 

the diamond grit at 5 and 10 m machining length, as shown in Figures 4-51 (b) and (c), 

respectively. Thus, the degraded resin and the broken fibre that adhered to the tool 

surface contribute to the increasing tool diameter for CM, as shown in Figure 4-50. The 
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adhered material observed on the cutting tool surface is typically observed on the grinding 

tool. The increment in the cutting tool diameter for CM after 3 m of machining length is 

associated with the increasing heat generated as the machining length is increased. The 

heat generated during machining deformed and degraded the matrix resin. This 

occurrence is similar to the observations described in [113, 141, 193], where thermally 

degraded matrix resin was loaded between the diamond grits in CM. 

In contrast with CM, adhesion of thermally degraded matrix resin and broken fibre onto 

the cutting tool used for UAM are not so apparent. This finding is consistent with the 

results obtained by other researchers [142, 194], where the motions of the cutting tool in 

UAM reduce the chances for the materials to adhere between the diamond grits. The 

cutting tool motion of the UAM, which vibrates, rotates, and moves during cutting, 

improved chip circulation. However, as for CM, the broken fibre and the thermally 

degraded resin did not have a sufficient medium to evacuate from the cutting tool and 

the machined CFRP surface. As a result, the broken fibre and the thermally degraded 

resin were found on the cutting tool.  
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At the end of the 10 m machining length, in order to remove the adhered material on the 

cutting tool, both cutting tools were cleaned using an ultrasonic bath and acetone. 

However, the materials that were still intact to the cutting tool used for CM signify that 

the matrix resin had been degraded during machining. This could be attributed to the 

high cutting temperature as the machining length increases, and the tools were loaded 

with the adhered materials. In order to quantify the area of the cutting tool covered by 

the degraded resin and broken fibre, a 2D image processing method was performed. 

Figures 4-52 (a) and (b) display the images of the scanning area of the cutting tool used 

for the CM taken in Alicona InfiniteFocus, whereas Figure 4-52 (b) presents the areas of 

the cutting tool that was adhered by the degraded resin and broken fibres. The total area 

covered by the thermally degraded resin and broken fibre on the cutting tool used for 

CM was 30.35 mm2, while 17.11 mm2 for UAM, which is 44 % less than the tool used for 

CM. Appendix F shows the total area covered by the degraded resin and the broken fibre 

on the abrasive tool used for CM and UAM. 

 

Figure 4-52: (a) Image of a cutting tool used for CM scanned by Alicona using 5x 
magnification and (b) areas of cutting tool that covered by the 
degraded resin.  
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The wear of the abrasive tool for both UAM and CM is presented in Figures 4-53 and 

4-54. Two wear mechanisms were observed on both cutting tools, which are a fracture 

of the diamond grain and the bond fracture. Figures 4-53 illustrates the cutting tool used 

for UAM, which also indicates that the cutting tool experienced a bond fracture between 

the diamond grit and the nickel bond, along with the sharp abrasive peaks of the diamond 

grits. The ultrasonic vibration generated the micro-cracks on the diamond grit, which 

created sharper cutting edges on the cutting tool. As a result, more active cutting edges 

had been observed on the cutting tool used for UAM, when compared to CM. Higher 

magnification SEM images, as shown in Figures 4-54 (a) and (b), indicate that the cutting 

tool used for CM experienced grain pull-out, bond fracture between diamond grit and 

nickel bond, as well as micro-fracture of diamond grit. As for the cutting tool used for 

CM, the diamond grit was completely covered by the degraded resin and broken fibre. 

Hence, the effective cutting edges on the cutting tool used for CM had been reduced. 

Nonetheless, the attritions wear, which indicates the wear flat of the abrasive that is 

commonly observed on the grinding tool, was not apparent in this study.  

 

Figure 4-53: SEM micrographs of a cutting tool used for UAM indicates that the cutting 
tool experienced microcrack and the sharp abrasive peak of the diamond 
grit after 10 metre machining length. 
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Figure 4-54: (a) SEM micrographs of a cutting tool used for CM  and (b) higher 
magnification of SEM micrograph of ‘b’ indicates that the cutting tool 
was loaded with broken fibres and degraded resin after 10 meter 
machining length. 
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Figure 4-55 shows the energy disperse spectroscopy (EDS) analysis of the materials 

adhered to the cutting tool that was used for CM. It was confirmed that from the EDS 

analysis, the materials adhered in between the diamond grit was carbon elements.   

 

 

Figure 4-55: EDS for the materials adhered to the abrasive diamond tool used for CM 
indicates that the materials sticking were a carbon element. 
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4.4.2 Cutting forces 

Figure 4-56 presents the feed force (Fx) and the normal force (Fy) for both CM and 

UAM. The error bars indicate both maximum and minimum cutting forces recorded 

during the measurement. The feed and normal forces show similar pattern, where both 

forces were found to increase as the machining length increased. 
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Figure 4-56: Feed force (Fx) and normal force (Fy) for CM and UAM over 10 metre 

machining length. 

Both feed and normal forces of UAM were found to increase up to 10 % of the force 

reductions, in comparison to CM. Higher cutting forces were observed for CM, as 

compared to UAM, throughout the milling operation. At the end of the test, the feed 

force measured where the cutting tool of the CM loaded with degraded resin and broken 

fibre was 470 N, while 440 N was measured for UAM. As discussed in Section 4.4.1, the 

cutting tool diameter for CM started to increase after 3 m of machining length, which led 

to the increase in cutting force. This is due to the degraded matrix resin and the broken 
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fibre that were transferred to the tool in CM, than that in UAM, hence causing higher 

obstruction in CM, as presented in Figure 4-51 (c). The deformed resin and the broken 

fibres that covered the diamond grit in CM reduced the active cutting edges. Due to the 

increasing number of diamond cracks and inactive cutting edges in CM, a greater 

frictional interaction was initiated between the cutting tool and the workpiece. Material 

loaded on the cutting tool generated a rubbing effect between the loaded materials and 

the workpiece, thus increasing the cutting force. However, as for UAM, the sharp abrasive 

peaks aided the cutting mechanism of the carbon fibre. The degraded resin, however, did 

not cover the diamond grit, thus maintaining the active cutting edges. Ding et al. [142] 

also reported that the presence of active cutting edge from the sharp abrasive peak of the 

diamond aided in the cutting process, which then reduces the cutting forces in UAM.  

4.4.3 Surface roughness 

The average surface roughness, Ra, for CM and UAM over 10 m machining length is 

shown in Figure 4-57. The error bars represent both maximum and minimum values of 

the measured surface roughness. The surface roughness measured for CM was 20 % 

higher, when compared to the machined surface of UAM. As the machined length 

increased, the surface roughness increased in both UAM and CM. The progression of 

surface roughness can be related to the cutting tool condition and the cutting forces of 

both processes, as explained in Sections 4.4.1 and 4.4.2. The cutting tool used for CM 

was loaded with degraded resin and broken fibre as the cutting length increased. Besides, 

the diamond grits were covered with degraded resin and broken fibre, as illustrated in 

Figures 4-51 (a), (b), and (c), thus resulting in the decrease of active cutting edges on the 

cutting tool used for CM. As a result, the cutting action reflected a form of friction, 

instead of fracturing the workpiece materials. In contrast with CM, the tool vibration, 
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which is due to the ultrasonic motion in UAM, aided in fracturing the fibre, which resulted 

in better surface condition, when compared to CM. As depicted in Section 4.4.1, the 

diamond grain fracture that was observed on the cutting tool used for UAM creates more 

active cutting edges on the cutting tool.  

 
Figure 4-57: Surface roughness for CM and UAM. 

Further inspection of the surface condition in SEM after 10 m length showed that the 

CM-machined surface experienced matrix smearing, fibre pull-out, and fibre-matrix 

cracking, as illustrated in Figure 4-58. Furthermore, it was observed that the matrix had 

smeared on the machined surface and the fibre-matrix de-bonding occurred. This 

occurrence can be attributed to the high cutting forces required for the material removal 

processes due to poor tool conditions for CM at this machining length. These are also 

attributed to the cutting tool condition that is loaded with degraded resin and broken 

fibres, which covered the diamond grit on the cutting tool used for CM [113, 114, 141]. 

On the contrary, Figure 4-59 displays that the UAM-machined surface experienced fibre 

pull-out that generated voids and holes on the machined surface.  
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Figure 4-58: (a) SEM micrograph of CM machined CFRP surface at 10 m 
machining length and (b) high magnification of ‘b’ showing 
that the surfaces were covered with the degraded resin and 
experienced fibre-matrix cracking. 
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Figure 4-59: (a) SEM micrograph of UAM machined CFRP surface at 10 m 
machining length and (b) high magnification of ‘b’ showing 
that the fibre being pulled out from the surface and generates 
voids and holes on the machined surface. 
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Next, Figures 4-60 and 4-61 exhibit the surface topography and the roughness profile for 

both CM- and UAM-machined surface at 10 m machining length. The surface roughness 

profile for CM and UAM indicated that the wavelength of the profile did not share a 

similar trend. The surface profile of the CM indicated that the peaks and the troughs were 

between -10 and 20 µm, while the average surface roughness was 8.5 µm at 10 m 

machining length. These signify that the smeared matrix resin was found on the CM 

machined surface. On the other hand, the height distribution of the UAM was 

between -25 and 20 µm, whereas the average surface roughness at 10 m machining length 

was 7.2 µm. The UAM-machined surface profile showed that the height of the profile 

was distributed irregularly. This can be explained due to the occurrences of fibre pull-out 

and void that were observed on the machined surface of the UAM, as shown in 

Figure 4-65. Although the average surface roughness for CM was higher when compared 

to that of UAM, the surface profile for UAM indicated that the tool vibrations during 

machining could be attributed to the variations of the profile height. Ramulu et al. [139] 

reported that the smeared matrix on the machined surface could result in lower surface 

roughness. However, as for the CM-machined surface, the distribution of the fibre 

pull-out and the matrix smearing on the machined surface had not been apparent. 
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Figure 4-60: Surface topography and roughness profile of the CM surface produced by 
the Alicona with 5X magnification with the average surface roughness, Ra of 8.5 µm 

 

Figure 4-61: Surface topography and roughness profile of the UAM surface produced 
by the Alicona with 5X magnification with Ra of 7.2 µm. 
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4.4.4 Summary from Study 3 

When milling CFRP with the presence of ultrasonic vibration on the cutting tool 

employing the abrasive diamond tool, the improvement of the cutting tool condition on 

the abrasive diamond tool used for UAM could be beneficial for CFRP machinability. 

Hence, the findings from Study 3 are summarized as follows: 

 Milling of CFRP with the presence of ultrasonic vibration on the cutting tool 

improved the condition of the tool, as compared to the CM. The amount of degraded 

resin and broken fibre that adhered to the cutting tool used for UAM had been 44% 

less than the cutting tool used for CM. The ultrasonic vibration that is perpendicular 

to the feed direction reduced the chances of the CFRP chip to get stuck between the 

diamond grits. The cutting tool used for CM was loaded with broken fibre and 

degraded resin as the machining length was increased.  

 The main wear mechanisms for the cutting tool used for UAM were grain fracture 

of the diamond grain and micro-crack of the nickel bond. Whereas, the cutting tool 

used for CM experienced bond fracture between nickel bond and diamond grain, 

which led to diamond grain pull-out and micro-fracture of the diamond grit. The 

cutting tool condition for both CM and UAM significantly affected the cutting forces 

and the machined surface condition.  

 The cutting forces in CM was 5 to 10 % higher compared to the UAM because the 

cutting tool used for CM was loaded with degraded resin and broken fibre. 

Meanwhile, the cutting tool used for UAM had fracture of the diamond grain, which 

is beneficial in generating more cutting edges due to the formation of sharp diamond 

abrasive peaks. Consequently, the cutting forces measured in UAM significantly 

reduced, when compared to that in CM. As for the machined surfaces, the cutting 
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tool condition significantly affected the surface roughness and the integrity of the 

machined surface. Matrix smearing, fibre-matrix cracking, and fibre pull-out were 

observed on CM-machined CFRP surface, whereas fibre pull-out was apparent on 

the UAM-machined surface. 

 Thus, the application of ultrasonic vibration on the abrasive diamond tool 

significantly improved the cutting tool condition, which reduced cutting forces and 

enhanced the condition of machined surface, when compared to that in CM. 

4.5 Overall discussion 

4.5.1 Effects of cutting processes and environments on the 
tool wear, cutting forces and surface roughness  

Previous studies [12, 13, 150, 154] have reported that the application of ultrasonic assisted 

machining when milling metal enhanced the aspect of machinability in terms of longer 

tool life, lower cutting forces, and improved surface roughness. However, the different 

directions of the ultrasonic vibration, cutting parameters, and workpiece materials have 

made understanding UAM of CFRP a difficult task. This study proves that the application 

of the typical end mill tool, which is uncoated WC-Co end mill (Study 1(a)), and PCD 

end mill (Study 2), when milling CFRP with the presence of ultrasonic vibration at the 

cutting tool that is perpendicular towards feed direction had been non-beneficial to tool 

wear and surface roughness.  

The tool wear measured for UAM is higher than CM for both cases. For Study 1(a), the 

tool wear for UAM was higher 30 to 40 %, when compared to CM, while for Study 2, the 

PCD tool used for CM could travel an extra 5 m before reaching its maximum wear. This 

is attributed to the ultrasonic vibration of the cutting tool that is perpendicular towards 

the feed direction during milling. Moreover, the intermittent separation between the 
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cutting tool and the workpiece in UAM claimed by other studies is not observed in this 

research. 

In terms of surface roughness, the higher surface roughness obtained by UAM-machined 

surface can be attributed to the back and forth motion of the cutting tool, as well as the 

quasi-isotropic carbon fibre orientation that may lead to the degradation of machined 

surface quality. Although the ultrasonic vibration of cutting tool in UAM did not improve 

tool wear and surface roughness in Studies 1(a) and 2, both studies showed that the 

cutting forces obtained by UAM are lower, as compared to CM. This can be attributed to 

the ultrasonic vibration of the cutting tool that aided in brittle fracture of carbon fibre.  

In contrast with Studies 1(a) and 2, Study 3 displayed that milling of CFRP with abrasive 

diamond tool could offer some beneficial outcomes to tool condition, cutting forces, and 

surface roughness. Besides, it has been reported that the main problem when milling 

CFRP with abrasive diamond tool is the resin built-up between the diamond grits, which 

may increase cutting forces and reduce the quality of machined surface [113]. In this 

present research, the ultrasonic vibration of cutting tool created a sufficient medium for 

the carbon chip to be removed during machining. The results from Study 3 also show 

that less degraded resin and broken fibre adhered to the cutting tool used for UAM, while 

the cutting tool used for CM was loaded with degraded resin and broken fibre. As a result, 

when the test was terminated  at 10 m of machining length, the area of the cutting tool 

used for CM was loaded with degraded resin and broken fibre, which was 44 % higher 

than those found on the UAM cutting tool. Hence, for UAM, the cutting forces had been 

reduced by 10 %, while the surface roughness improved by 20 %, when compared to CM.  

In terms of machining environment, the dry environment is recommended when 

machining CFRP due to the nature of the resin that is susceptible to moisture absorption. 
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However, machining of CFRP higher than the Tg of matrix resin may lead to degradation 

of CFRP. Study 1(a) compared the effects of machining environments, which were dry, 

CCF, and CO2 cryogenic cutting media when milling CFRP conventionally and with 

ultrasonic assistance. It was found that milling with CO2 cutting media improved the tool 

wear of the uncoated WC-Co end mill up to 28 % when compared to dry and CCF 

machining environments. Besides, the high pressure of CO2 directed towards the cutting 

tool aided in removing the heat generated and the chip produced. Milling of CFRP in dry 

environment resulted in high cutting temperature that ranged from 100 to 220 °C. 

Meanwhile, machining of CFRP with CCF resulted in higher tool wear and cutting forces 

due to the flood cooling of both cutting tool and workpieces. However, it was observed 

that milling with CCF resulted in improved surface roughness, when compared to dry 

and CO2.  

Overall, it can be concluded that the vibration of the cutting tool that is perpendicular 

towards the feed direction when milling of CFRP with typical end mill tool is not 

beneficial for tool wear and surface roughness. However, the ultrasonic vibration that 

aided in brittle fracture of the carbon fibre could reduce the cutting forces. Although 

UAM displayed lower cutting forces for all environments, milling of CFRP conventionally 

is recommended to obtain improved tool wear and improved surface roughness. 
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4.5.2 Effect of machining environment on machined 
CFRP surfaces 

As mentioned in the literature, the machining of CFRP is limited below the Tg of matrix 

resin. Machining of CFRP higher than the Tg may lead to the degradation of matrix resin 

and in the quality of machined surface. Therefore, monitoring the cutting temperature is 

crucial when milling CFRP. In study 1(a), three different cutting environments were 

employed to investigate the effects of machining environment on the aspect of 

machinability (tool wear, cutting forces, and surface roughness), while Study 1(b) was 

designed to investigate the effects of the machining environments on the chemical 

properties of BMI 5250-4 matrix resin.  

Although the cutting temperature measured by the thermal camera failed to reach Tg (less 

than 272 °C), elimination of Tg at 272 °C in DSC analysis for machined samples of CM 

and UAM dry at 3000 mm signified that the actual cutting temperature is higher than the 

Tg. Besides, the results from FTIR revealed that CM and UAM dry experienced further 

post-curing for matrix resin. This is explained by the reduction of maleimide (C=C) bond 

at 825 cm-1, which was often observed while curing BMI resin.  

Furthermore, formation of isocyanate-derived product at a wavelength of 2250 cm-1 

revealed that the actual cutting temperature for CM dry at 3000 mm might reach 400 °C. 

Moreover, formation of isocyanate-derived product often occurs when the BMI resin is 

thermally degraded at temperatures between 400 and 600 °C. Interestingly, the formation 

of isocyanate-derived product was only observed at the CM dry, but none was recorded 

at UAM dry, although elimination of Tg and reduction of maleimide (C=C) had been 

noted. This finding is similar to Study 2, where the formation of isocyanate-derived 

product was only observed at the CM dry machined surface. Therefore, from Study 1(a) 

and Study 2, it can be concluded that the ultrasonic vibration of the cutting tool during 
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UAM could attribute to reduction in cutting temperature. The result obtained from FTIR 

also revealed that the application of conventional cutting fluid could affect the chemical 

properties of the BMI 5250-4 matrix resin. This was observed especially when machining 

CFRP with CCF, where inconsistency of C=C had been recorded due to the presence of 

–OH. Therefore, machining of CFRP in a dry environment is not recommended mainly 

because high cutting temperature may degrade the product.  

No study has looked into the effect of machining upon machined CFRP surface for 

chemical properties in matrix resin especially in the changes of the Tg and the effect on 

the resin chemical bonding. Thus, this finding contributes to the body of knowledge 

regarding the effect of machining environment upon CFRP machined surface. As no 

study has identified the effect of machining environment upon matrix resin, the method 

and data of this study can serve as a benchmark for future work focusing on the effect of 

machining environment/temperature upon matrix resin.
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Chapter 5 Conclusions 

5.1 Conclusions for literature review 

Based on the extensive literature survey pertaining to CFRP machining and BMI 5250-4 

thermal history, several conclusions on prior studies are drawn, as follows: 

 Machining of CFRP is limited to the glass transition temperature (Tg) of the 

matrix resin. Although machining with the presence of cutting fluid could result 

in a reduction of cutting temperature, it is not recommended to machine CFRP 

with the presence of cutting fluid. Further post-processing of the machined part 

has to remove the moistures absorbed during the machining. Therefore, it is 

proposed that machining of cryogenic coolant could be beneficial for machining 

CFRP.  

 The ultrasonic assisted milling (UAM) has displayed some beneficial outcomes 

for machinability of metallic materials. The ultrasonic vibration of cutting 

tool/workpiece during machining is proposed to reduce the heat generated by the 

cutting tool and the workpiece. Therefore, the implementation of UAM in CFRP 

is suggested to improve the machinability in terms of tool wear, cutting force, and 

surface roughness, as well as to reduce cutting temperature. 

 Thermal analysis study of polymeric material has been well established. Analysis 

methods, such as differential scanning calorimetry (DSC), thermogravimetric 

analysis (TGA), and Fourier transform infrared spectroscopy (FTIR), are some 

of the methods employed to investigate the properties of the polymeric materials. 

Therefore, these methods are proposed to investigate the effect of machining 

condition and environments on the machined CFRP surface. 
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5.2 Conclusions for experimental work 

5.2.1 Study 1(a): Machinability of CFRP in dry, 
conventional cutting fluid and CO2 cryogenic 
machining environment 

Based on the observations made, as well as the analysis of UAM and conventional milling 

(CM) of CFRP with constant speed (500 m/min), feed (800 mm/min), and radial depth 

of cut (1 mm), the following conclusions are drawn: 

 From Study 1(a), it is proposed that the effect of ultrasonic vibration that is 

perpendicular to the feed direction is not beneficial for machinability. It was 

observed that the tool wear of UAM was higher than CM in all machining 

environments.  

 The highest tool wear was obtained by dry, followed by CCF, and CO2. High tool 

wear in dry condition is proposed due to the heat generated by the cutting tool 

and the workpiece that deteriorates the cutting tool. Meanwhile, in CCF and CO2, 

the presence of cutting fluid aided in heat removal that improved tool wear.   

 As for cutting force, the vibration of the cutting tool aided in fracturing the 

carbon fibre in UAM, therefore, the cutting force in UAM was lower than the 

CM for all machining environments.  

 The implementation of CO2 during milling reduced the cutting temperature by 

30 - 50 %, as compared to dry machining. 

 UAM recorded higher surface roughness than in CM for all machining 

environments .The complexity of cutting tool movement in UAM resulted in 

rougher surface for all machining conditions.  
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 The machined surface obtained by CCF environments resulted in lower surface 

roughness. It is proposed that the flood cooling during CCF retained the strength 

of the CFRP.  

 Therefore, from Study 1(a), it can be concluded that, in terms of processes, UAM 

did not show any beneficial output on tool wear and surface roughness. The 

cutting tool vibration that is in perpendicular to the feed direction added to the 

complexity of the tool movement. However, the ultrasonic vibration of the 

cutting tool aided in the fracturing mechanism of carbon fibre, thus resulting in 

lower cutting force. Machining with presence of CO2 could be beneficial in 

reducing the cutting temperature, improving tool wear and reducing the cutting 

force as well as maintained the properties of the CFRP. 

5.2.2 Study 1(b): Post machining analysis to understand 
the effect of machining environment on the 
machined CFRP surface 

Based on DSC and FTIR analysis on machined surfaces obtained from Study 1(a), several 

conclusions can be made, as follows:  

 The results obtained from DSC analysis of the machined surfaces demonstrated 

that the machining environment did influence the Tg of the Bismaleimide 5250-4 

(BMI 5250-4) matrix resin.  The Tg values for both UAM and CM in dry 

environment at 3000 mm machining length were eliminated, thus suggesting that 

the cutting temperature has altered the chemical properties of BMI 5250-4. This 

also suggests that the cutting temperature, during machining, could exceed 

272 °C. 
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 Further analysis on the machined surface by FTIR revealed that the machined 

surface of CM in dry environment formed isocyanate-derived product (aromatic 

nitrile) from 2405 to 2233 cm-1 that had been observed in thermal degradation of 

BMI 5250-4, which suggests that the machined surface has been thermally 

degraded. The formation of isocyanate-derived product was observed when the 

BMI was thermally degraded at 400 °C. Therefore, this suggests that the cutting 

temperature for CM dry at 3000 mm could reach as high as 400 °C.  

 The reduction of intensity in maleimide bond at 825 cm-1 that was observed in 

curing of BMI 5250-4 suggests that further curing had occurred in both CM and 

UAM dry environment. It is proposed that the heat generated during machining 

may cause further crosslinking effect on the BMI 5250-4 resin. 

 The FTIR results on CCF-machined surface revealed that some of the chemical 

bonds had been modified by the presence of hydrogen bonding (-OH) in the 

water molecule. Meanwhile, as for the machined CFRP surface in the CO2 

environment, the intensity of the chemical bond was more stable, hence 

suggesting that the CO2 environment did not have a substantial effect on CFRP. 

 Based on Study 1(b), it is proposed that the CO2 environment is a suitable 

environment in CFRP machining due to the reduction of cutting temperature that 

is offered by CO2 and the minimal effect on the chemical properties of BMI 

5250-4. 

 The thermal analyses methods (TGA, DSC, and FTIR) that are often used for 

polymeric material have been proven to be beneficial in investigating the effect 

of machining on the machined CFRP surface. 
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5.2.3 Study 2: Machinability of CFRP using the PCD end 
mill 

Based on the observations made, as well as the analyses of UAM and CM of CFRP with 

constant speed (500 m/min), feed (800 mm/min), and radial depth of cut (1 mm), the 

following conclusions are drawn: 

 In Study 2, the tool wore out faster during UAM, when compared with CM. The 

PCD end mill used for CM can machine further 15 m before it reached its 

maximum wear band. However, the PCD end mill used for UAM can machine 

only 10 m before it reached its maximum wear band. Thus, it is proposed that the 

ultrasonic vibration in UAM that is perpendicular to the feed direction generates 

more friction between the cutting tool and the machined surface. Therefore, it 

can be concluded that the ultrasonic vibration of cutting in milling is not 

beneficial for tool wear, regardless the tool geometry. 

 In terms of cutting forces, the maximum cutting forces recorded for UAM had 

been lower (10 %) when compared to CM. Tool vibration aided the material 

removal process in UAM.  

 However, the average surface roughness, Ra, for UAM was higher between 5 and 

25 %, when compared to CM. Worse surface quality in UAM can be attributed 

to the motion of the tool, which was perpendicular to the machining direction, 

hence generating rougher machined surface.  

 The reduction in cutting force for UAM had been due to ultrasonic vibration that 

aided in fracturing the carbon fibre and the brittle fracture of the CFRP. 

 Therefore, the application of ultrasonic vibration in UAM produced higher tool 

wear and rougher surface, when compared with CM. The ultrasonic vibration 



Chapter 5: Conclusions 

205 

aided in fracturing mechanism and resulted in reducing the cutting forces in 

UAM.  

 Post-machining analysis on samples derived from Study 1(b) revealed that the 

presence of isocyanate-derived product (aromatic nitrile bond) in the sample 

indicates that the machined CFRP surface for CM has been thermally degraded. 

However, the presence of nitrile bond was not observed in UAM-machined 

CFRP surface. This finding confirms that the cutting mechanism in UAM aided 

in the heat removal that is generated by cutting tool and workpieces. As a result, 

UAM could be beneficial in reducing the effect of temperature upon machined 

surface. 

5.2.4 Study 3: Machinability of CFRP using abrasive 
diamond tool 

Based on the observations made and the analyses of UAM and CM of CFRP with 

constant speed (565 m/min), feed (1500 mm/min), and radial depth of cut (1 mm), the 

following conclusions are drawn:  

 The presence of ultrasonic vibration on the diamond abrasive tool during UAM 

resulted in better tool condition, when compared to CM. Diamond abrasive tool 

used for UAM resulted in 44 % less adhesion of broken fibre and thermally 

degraded resin, when compared to the tool used for CM. The ultrasonic vibration 

of the cutting tool aided in the evacuation of broken fibre and degraded resin; 

therefore less material adhered between the abrasive diamond grits.  

 Fracture of diamond grit on cutting tool used for UAM generated more active 

cutting edges on the abrasive diamond tool. However, from an abrasive diamond 

tool used for CM, the fracturing of nickel bond was observed, and micro-cracks 
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in the diamond grits were noted after 10-metre machining length, which could 

lead to pull-out of diamond grit from the cutting tool, thus suggesting that UAM 

can prolong tool life. 

 The conditions of the abrasive diamond tool significantly affected the cutting 

forces and the surface roughness obtained in CM and UAM. As the abrasive 

diamond tool was covered with broken fibre and degraded resin in CM, it was 

observed that the cutting forces (Fx and Fy) in CM had been 10 - 15 % higher, 

when compared to UAM. However, in UAM, the presence of more active cutting 

edges was noted and the ultrasonic vibration aided in removal of materials.  

 Surface roughness measured for CM was in the range of 6.8 to 9 µm, whereas 

surface roughness measured for UAM was in the range of 5.5 to 6 µm. It was 

observed that on CM-machined surface, the matrix was smearing and fibre-matrix 

de-bonding. The condition of the cutting tool used for CM that was covered with 

broken fibres and degraded resin generated higher cutting forces that led to more 

damages. Meanwhile, in UAM, the ultrasonic vibration of the cutting tool 

generated void and holes on the machined surface. 

 Therefore, the application of ultrasonic vibration on the cutting tool could 

increase tool life, improve surface roughness, and lower cutting forces when 

CFRP is machined with diamond abrasive tool.  
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5.3 Overall conclusions 

This research has developed both knowledge and understanding pertaining to the effect 

of machining environment/process upon thermal behaviour of BMI 5250-4 matrix and 

machinability of CFRP. Therefore, the overall conclusions of this research are listed in 

the following:  

 The Differential Scanning Calorimetry (DSC) and the Fourier transform infrared 

(FTIR) analysis were employed in this study to investigate the effect of machining 

environment on the machined surface. It is observed that in dry machining for 

CM and UAM at 3000 mm machining length, the Tg of the BMI 5250-4 matrix 

resin has been eliminated due to the high cutting temperature. Therefore, the 

elimination of the Tg suggests that the chemical properties of the BMI 5250-4 

resin have experienced changes.  

 The FTIR results suggest that the machined surface of CM dry at 3000 mm 

machining length is thermally degraded due to the formation of 

isocyanate-derived product (aromatic nitrile bond) at 2405 to 2233 cm-1 and the 

reduction of maleimide bond at 825 cm-1 that is often observed in curing 

mechanism of BMI 5250-4. The formation of isocyanate-derived product is often 

observed when BMI is thermally degraded from 400 to 600 °C, hence suggesting 

the actual cutting temperature at 3000 mm machining length that may hit as high 

as 400 °C. However, the formation of isocyanate-derived product is not observed 

for UAM machined surface, thus suggesting that the ultrasonic vibration of the 

cutting tool may reduce the cutting temperature at the primary shear zone. 

 Application of CCF can be beneficial for machinability. However, the results 

retrieved from FTIR indicate that the presence of moisture (-OH) could affect 

the properties of BMI 5250-4.  
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 Results obtained from DSC and FTIR analyses display that it is not recommended 

to machine CFRP in a dry and CCF environment. Therefore, it is proposed that 

the application of CO2 when machining CFRP could be beneficial to the 

machinability of CFRP and it does not affect the chemical properties of the BMI 

5250-4 resin. 

 It is proposed that in a milling operation when employing typical end mill 

(Studies 1(a) and 2), the ultrasonic vibration that is perpendicular direction with 

the feed direction generates more interaction between the tool and the 

workpieces, hence resulting in higher tool wear and surface roughness, regardless 

of the cutting tool geometry employed. Although higher tool wear and surface 

roughness are associated to UAM, it can be observed that the cutting forces in 

UAM are lower compared to that of CM. Besides, it is proposed that the 

ultrasonic vibration aids in brittle fracture of the carbon fibre that leads to a 

reduction in cutting forces. 

 When employing abrasive diamond tool to perform milling of CFRP, it is 

observed that UAM has some beneficial outcomes (tool condition, cutting forces, 

and surface roughness) with fewer material adhesion on the abrasive diamond 

tool. As a result, the cutting forces and the surface roughness in UAM are lower, 

when compared to those of CM. However, in Studies 1(a) and 2 (WC and PCD 

end mill), higher tool wear is observed in UAM, when compared with CM. 

 The application of CO2 machining environment in Study 1(a) results in improved 

tool wear, reduced cutting forces, and improved surface roughness. It is observed 

that the application of CO2 in machining CFRP could remove the heat generated 

and reduce the cutting temperature. However, the application of CO2 in UAM 

does not show improvement in machinability. In all cases (dry, CCF, and CO2), 

the results obtained for CM have always improved than UAM. 
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 The application of UAM for CFRP is not beneficial for the aspect of 

machinability due to the complexity of the tool vibration and the heterogeneous 

property of CFRP. Evidence derived from the FTIR analysis shows that the 

isocyanate-derived product is not observed for the UAM-machined surface in 

Study 1(b), while Study 2 indicates that the application of UAM could be 

beneficial in reducing the effect of cutting temperature on CFRP. 
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Chapter 6 Future work 

Results obtained from Studies 1 to 3 has established the knowledge of the effect of 

machining of CFRP machined surface and machinability of UAM. Therefore, future work 

listed below are still needed to extend the knowledge.   

 The effect of chemical properties changes can be extended by investigating the effect 

of the machining environment to the internal damages of the CFRP. The knowledge 

on how much the distance beneath the machined surface that affected by the 

machining environment could be beneficial. 

 The effect of chemical properties changes can be extended to be in a relationship with 

the mechanical property changes. It is expected that the reduction in the chemical 

property changes of the CFRP can lead to the reduction in the mechanical properties 

changes. Further analysis such as investigation on the strength of the materials can be 

employed to explain the effect of the materials properties changes. 

 Development of measuring tool tip temperature while machining CFRP composite 

must be explored because least research focused on the actual machining temperature. 

High machining temperature while machining of CFRP composite is critical, hence, 

the simulation of the machining temperature of the composite is crucial. 

 Variation of ultrasonic and machining parameters such as cutting speed, feed rate, 

ultrasonic amplitude and ultrasonic frequency and low feed rate could give an overall 

overview on the effectiveness of the UAM.  

 Least research was done on simulation of the effect of the ultrasonic assisted 

machining on the composite materials. Finite element analysis (FMEA) which is well 

established in metal cutting can be employed to get a better understanding on the 

ultrasonic assisted machining of the composite materials. 
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Appendix A 

 

Figure A- 1: Average amplitude measured when aluminium strip was attached to 
the cutting tool. The graph indicates that the value of the average 
amplitude experienced sudden drop after three measurement trial 
due to the glue that attach the strip to the cutting tool start to melt 
down due to the heat produce by the ultrasonic vibration on the 
cutting tool. 
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Appendix B 
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Appendix C 

 

 
Figure C- 1 : Microscopy images of tungsten carbide end mill used in CM dry. 
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Figure C-2: Microscopy images of tungsten carbide end mill used in CM CCF. 
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Figure C-3: Microscopy images of tungsten carbide end mill used in CM CO2. 
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Figure C-4: Microscopy images of tungsten carbide end mill used in UAM dry. 
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Figure C-5: Microscopy images of tungsten carbide end mill used in UAM CCF. 
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Figure C-6: Microscopy images of tungsten carbide end mill used in UAM CO2. 
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Figure C-7: Machined surface topography and roughness profile for CM in CCF 

environment machined surface taken in the Alicona with 5X 
magnification with Ra of 8.3 µm. 

 

 
Figure C-8: Machined surface topography and roughness profile for CM in CO2 

environment machined surface taken in the Alicona with 5X 
magnification with Ra of 15.7 µm. 
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Figure C-9: Machined surface topography and surface roughness profile for 

UAM in CCF environment machined surface taken in the Alicona 
with 5X magnification with Ra of 13.3 µm. 

 

 
Figure C-10: Machined surface topography and roughness profile for UAM in 

CO2 environment machined surface taken in the Alicona with 5X 
magnification with Ra of 15.5 µm. 
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Appendix D 

 

 
Figure D-1: DSC analysis of CM of CFRP in different machining environment (a) 

dry, (b) conventional cutting fluid and (c) CO2. All sample was taken 
from 2000 mm machining length machined surface. 
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Figure D-2: DSC analysis of UAM of CFRP in different machining environment 

(a) dry, (b) Conventional cutting fluid and (c) CO2. All sample was 
taken from 2000 mm machining length machined surface. 
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Appendix E 

 

 
Figure E-1: Cutting temperature recorded by the FLIR thermal camera when 

milling CFRP with PCD end mill tool. 
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Appendix F

Table F-1: Total area covered by the broken fibre and degraded resin on abrasive 
diamond tool used for CM. 

Part A Area (μm²)  Part B Area (μm²) 

PG1 195312.7  PG1 782811.1 

PG2  474564.7  PG2   327037.8 

PG3  1993986  PG3  151814 

PG4  905075.6  PG4  138191.1 

PG5   2398425  PG5  231601.4 

PG6  429466.6  PG6  125838.1 

PG7 216321.8  PG7    253883.3 

PG8  508264.3  PG8  179225.2 

PG9  147135  PG9   238852.7 

PG10  163197.1  PG10   2533391 

PG11  1127707  PG11  738362 

PG12  31575.7  PG12    307308.4 

PG13  634053.8  PG13   363397.1 

PG14  39903.26  PG14  537294.9 

PG15  102700.7  PG15  186150.6 

PG16 129187.8  PG16  990913.4 

PG17  118143.4  PG17  407803.8 

PG18  992501.7  PG18    250784.3 

PG19  2547295  PG19 378238.2 

PG20  801153.6  PG20 609629.2 

PG21  527246.9  PG21  432167.8 

PG22  1236948  PG22  346687.7 

PG23  239384.1  Total area   10511383 

PG24  867305.1    
PG25  296278.8    
PG26   308814.6    
PG27  165373.1    
PG28   71032.57    
PG29  178295.1    
PG30   940920.4    
PG31  111977.6    
PG32  129933.3    
PG33  443985.4    
PG34  159944.4    
PG35    208216.9    
Total area 19841627    
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Table F-2: Total area covered by the broken fibre and degraded resin on abrasive 
diamond tool used for UAM. 

 

Part A Area [µm²]  Part B Area [µm²] 

PG1 1552738.41  PG1 1044801 

PG2 222527.95  PG2 580049.8 

PG3 123306.634  PG3 1054008 

PG4 150412.175  PG4 568101.3 

PG5 708248.532  PG5 968701 

PG6 1914948.46  PG6 1110391 

PG7 274254.038  PG7 274915 

PG8 223738.588  PG8 111459.5 

PG9 373946.865  PG9 187738.7 

PG10 369431.951  PG10 1055286 

PG11 402019.604  PG11 739307.9 

PG12 910402.786  PG12 441354.4 

PG13 280900.842  PG13 351842.3 

PG14 104312.054  PG14 144938.4 

PG15 315855.638  PG15 174522.5 

Total 

area 
7927044.52  PG16 377393.6 

 

  
Total 

area 
9184811 
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